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Abstract
Theoretical and experimental studies have indicated that cyclic propagation strategies, 
such as repeated batch cultivation, can produce significant increases in product yield. 
However, theoretical studies suggest that cyclic strategies are highly cell cycle depen­
dent. Therefore, the objective of this research is to find experimental evidence of that 
dependency and how it affects the performance of the culture.
In repeated batch mode, the culture is grown as a batch for a period of time (the dilu­
tion cycle time, DCT) after which a fraction of the culture is withdrawn and replaced
from the reactor (the harvest fraction, HF) with fresh medium. The process is then 
repeated. In this study, six repeated batch experiments (127 cycles) using Schizosac­
charomyces pombe were performed with a constant HF=0.8 and DCT=12 hrs. By 
obtaining the cell and glucose concentration of samples taken from the reactor at the 
beginning and end of each cycle, it was found that, even under carefully controlled con­
ditions two potential responses can be exhibited by the system: constant or variable 
with respect to the final cell concentration of each cycle.
It was also found that experiments with constant response obtained a larger yield 
(Y x /s  =  5.45x10s cells/mg) compared to that of variable response experiments {Y x /s  
=  4.45x10s cells/mg). In addition, when frequent sampling was performed during the 
course of some cycles, the constant response experiments exhibited exponential growth, 
whereas variable response experiments exhibited partial synchronisation as well as ex­
ponential growth. In the exponential growth cycles, a R2 =  0.98 was obtained from a 
regression during the period of constant growth, whereas a R2 — 0.92 was obtained for 
cycles exhibiting partial synchronisation.
From the data obtained, it was concluded that cell cycle related phenomenon affected 
the performance of repeated batch cultivation in terms of its yield (cell concentration
to glucose consumed); and that the variable response observed in some experiments
was driven by partial synchronisation of the culture
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i ^(i,n+1) “ initial cell concentration at the beginning of the (n + l)^  cycle (cell/ml).
! X f  - arithemetic mean of the cell concentration at the beginning
and end of a cycle (cell/ml).
' S f  - average final glucose concentration (mg/ml),
i Y(x/s) - biomass yield (cell/mg).
! a - standard deviation, units according to parameter P.
Nomenclature
AU - absolute uncertainty related to X or S
AU% - percentage of the absolute uncertainty related to X or S
D P  - parameter calculated from a direct measurement P, units accordingly.
HF(S n) - harvest fraction calculated from the glucose concentration (%).
HF(w>n) - true harvest fraction calculated from weight of medium withdrawn (%).
HF{x,n) - harvest fraction calculated from the cell concentration concentration (%).
n - cycle number.
R 2 - coefficient of variability.
50 - glucose concentration at the beginning of a repeated batch cycle (mg/ml).
- final glucose concentration at the end of the nth cycle (g/1).
S(i,n+1) ~ initial glucose concentration at the beginning of the (n+ l)th cycle (mg/ml)
51 ~ glucose concentration in the feed (g/1).
S n  - normalised glucose concentration with respect to A S  m a x  in EXP1.
SE(P ) - standard error, units according to parameter P.
SE% (P ) - percentage of standard error, units according to parameter P.
Tq - generation time (hr).
- weight of medium withdrawn from the reactor at the new resuspension (g) 
Wtotal - total weight of the culture before removal (g).
- final cell concentration at the end of the nth cycle (cell/ml).
Xo , - cell concentration at the beginning of a repeated batch cycle (cell/ml).
A S  - glucose consumption between the beginning and end of an
experiment (mg/ml).
A S  m a x  - maximum glucose consumption achieved in an experiment (mg/ml).
Abbr e viat ions
AD P  - adenosine diphosphate.
A S F M  - the automatic sampling, feeding and monitoring system.
A T P  - adenosine triphosphate.
B M  — 5 - Bombix mori cell line.
cAM P  - cyclic adenosine monophosphate.
cdc - the name for the cell division cycle mutants.
CHO  - Chinese hamster ovary cells.
D ~ the death phase.
D - dilution rate
D c - critical dilution rate.
D A P I  - component used to visualise nuclear DNA.
D C T ~ dilution cycle time.
. D N A  - deoxyribonucleic acid.
DO - dissolved oxygen.
E m m  - Edinburgh minimal medium.
E M P  - Embden-Meyerhof-Parnas pathway.
E X  P I  — E X P 6  - experiments 1 to 6.
Go - the quiescent phase.
Gi - the first gap phase.
Gipm - Gi post mitotic phase.
Gips - Gi pre-synthetic phase.
G2 - the second gap phase.
GUR* - specific glucose uptake rate
H F  - harvest fraction.
hr - hours.
M  - the mitosis phase.
M toe - million tons of oil equivalent
N E  - new end.
N E T O  - new end takes off.
OE  - old end.
ORP  - oxidation-reduction potential.
P 1 ,P 2  - peristaltic pumps 1 and 2.
P T F E  - polyvtetra fluoro ethylene
QcAMP ~ specific production rate of cAMP.
qo2 - specific oxygen uptake rate
R  - the restriction point.
R  - resuspension between cycles.
RC P  - rate changing point.
R N A  - ribonucleic acid.
RQ  - respiratory quotient.
S  - the DNA synthesis phase.
S.cerevisiae - Saccharomyces cerevisiae.
S.pombe - Schizosaccharomyces pombe.
SC F  - self-cycling fermentation.
SV landSV 2  - solenoind valves 1 and 2.
weel — 50 - wee protein mutant strain with generation time equal
to wild type cells at 25 °C and 35 °C.
Y E  - yeast extract medium.
Chapter 1
Introduction
Since scientists discovered how to manipulate DNA molecules, the fields of medicine, 
agriculture and engineering have been revolutionised. The industry that exploits the 
potential of microorganisms to produce a variety of compounds such as vaccines, an­
tibiotics, foods and beverages has also developed and progressed enormously. These 
products may have been conceived and partially developed by biological scientists in the 
laboratory, however, in order to be commercialised, the laboratory process needs to 
be scaled-up. This is where engineering knowledge is necessary for designing, operating 
and controlling the bioreactors and recovering the products downstream.
Hence, the inter-disciplinary nature of bioprocessing is evident when the development 
of an industrial bioprocess takes place. The understanding of the microbial kinetics 
should be as important for the bioengineer, who designs the industrial scale bioreactor, 
as for the biology scientist, who is involved in the first stages of the development of the 
bioprocess. For some time already, yeast cells have been used for gaining that under­
standing, especially yeasts such as Saccharomyces cerevisiae and Schizosaceharomyces 
pombe.
S. pombe has served as a model for the analysis of the eukaryotic cell cycle since many 
genes that are present in higher order organisms are also present in this yeast. Key 
regulators of the cell cycle that control the progress around the cell cycle (gene cdc2 and 
cyclins) were also discovered in S. pombe by Paul Nurse and Tim Hunt for which they 
won the 2001 Nobel prize in Physiology and Medicine. Other advantages of working 
on this yeast are; its rapid growth on simple or defined media and easy handling in
2the laboratory. It has also facilitated the understanding of more complex systems, e.g. 
cancer cells.
Traditional methods for the cultivation of yeast have served as tools for acquiring 
essential information about cell kinetics. These methods have also been used at in­
dustrial and laboratory scale for many purposes including food, beverages production 
and sewage treatment. More recently and with the growing environmental concern, 
biofuels produced by batch and continuous fermentation (CJBrien et al., 2004) are a v! 
potential solution for mitigating the greenhouse effect (Hamelincka and Faaij, 2006; 
Cferien et al., 2004; Rajagopalan et al., 2002). In addition, production of bioenergy 
from low cost renewable sources can reduce the dependency on imported oil (Bomba 
et al., 2007; Hamelincka and Faaij, 2006). The growing trend of governments to promote 
biofuel consumption is evident; it is predicted that by 2030 the biofuel consumption will 
quadruple reaching 36 Mtoe (International Energy Agency (IEA), 2004). The great­
est success of biofuel utilisation has been in Brazil, where the consumption of ethanol 
accounts for 70% of the worldwide consumption (International Energy Agency (IEA), 
2004). In the United States the ethanol demand is currently about 2.0 billion gallons 
per year.
However, these methods have some limitations such as the coupled response between 
nutrient depletion and metabolite accumulation (batch and fed batch) as well as com 
tamination problems (continuous cultures). At the industrial scale, it is of interest that 
such limitations do not occur during the process, since the quality of the cell environ- 
melit can be compromise and hence decrease the productivity. The hybrid cultivation 
techniques which combine the advantages of batch and continuous culture represent a 
potential alternative mode of operation where nutrients are always available and in­
hibitors are diluted each cycle. In repeated batch, a fraction of the culture (the harvest 
fraction, HF) is drawn from the reactor after a cultivation time (the dilution cycle time, 
DCT), to be replaced by exactly the same volume of fresh medium. In this way, high 
yield and reduced turn-round time have been reported. Similar procedures are carried 
out in semi-continuous, self-cycling and repeated (fed)batch cultivations.
The improvement of yield and production rate by using repeated batch cultivation has
CcO (Naritomi et al., 2002; ul Haq et al., 2003; Watanabe et al., 1990; Yin et al., 1998).
Lt)) (Faraday et al., 1994; Fotuhi, 2002; Lin et al., 2004; Seewoster and Lehmann, 1997).
3been reported extensively and will be reviewed in detail in Chapter 2. The performance
of this method has been compared to batch or continuous cultivations in many areas
(a)
of industry such as ethanol, lactic acid and acetic acid production. Although advan­
tages when using this method have been obtained, variations in the cell and product 
concentration as well as sudden, periodic and catastrophic growth failures have been 
reported. These variations have a detrimental effect on the yield and productivity of a 
process as well as wider consequences to the company of not being able to control its 
products quality, and may explain why this process has been largely overlooked.
The establishment of the causes of these variations seems to be of interest for industrial 
and laboratory processes that use repeated batch cultivation. A relatively small number 
of experimental and theoretical studies have found that the operating parameters (HF 
and DCT) need to be established carefully to guarantee the successful operation of the 
cultivation (Faraday et al., 1994; Fotuhi, 2002; Lin et al., 2004; Seewoster and Lehmann, 
1997; Stavroulakis et al., 1991b).
Other types of explanation, based on cell cycle checkpoints have only been obtained 
by theoretical studies (Faraday et al., 1994). Faraday et al. (1994) developed a generic 
model of the cell cycle based on hybridoma cell line (mm321) and demonstrated that 
cyclic propagation methods, like repeated batch cultivation, appear to be highly influ­
enced by cell kinetics. This study determined that, in the absence of any other potential 
influencing factor, variations in the cell age distribution may explain the variations re­
ported; i.e. cells are not evenly distributed around the cell cycle but accumulate at 
checkpoints. In addition, it was proposed that the inappropriate selection of the HF 
or DCT influences greatly the cell age distribution and hence the performance of the 
cultivation.
Therefore, from a bioengineering and biological point of view, experimental evidence 
that the cell age distribution is indeed the cause of these variations would be desirable. 
A possible solution is to develop an advanced control system in which information 
derived from the cell age distribution is used to manipulate process parameters.
The aim of this dissertation is to verify the variations in cell concentration reported 
and to find experimentally evidence of cell cycle related problems when cultivating S.
4pombe in repeated batch.
To achieve these aims, the following objectives were identified for this research work:
a. To carry out extended experiments in a 2.7 dm3 reactor in repeated batch mode 
using the automatic sampling feeding and monitoring system developed by Fotuhi 
(2002) for the cultivation of S. pombe in order that there is a reasonable chance 
to observe growth failure if they occur.
b. To analyse samples taken directly from the reactor for cell number and glucose 
consumption to characterised the culture’s growth and quantify the response of 
the culture to the conditions established.
c. To take samples frequently during single cycles and analyse them for Cell number 
and glucose consumed in order to obtain more insight of the dynamic of the 
culture within that particular cycle.
d. To analyse all the derived data from cell number and glucose consumed, such as 
the yield, Yx /s> calculated as the cells produced over the glucose consumed and 
confirm whether the yield is indeed affected by catastrophic failure if they occur.
The structure of this dissertation is as follows:
Chapter 3 describes the equipment, experimental equipment and methods used in this 
study, together with all the procedures involved in the process of sampling and analysis 
of the culture samples.
Chapters 4 and 5 present and discuss the data obtained from running six repeated 
batch cultivations of S. pombe. This includes the cell and glucose concentration, true 
harvest fraction and harvest fraction derived from cell and glucose data. In addition, 
frequent sampling data and the temperature and pH data during the cultivation are 
included and discussed in these chapters.
Chapter 6 presents the conclusions of this research study as well as suggestions for 
future work.
5But first, a literature survey is presented in Chapter 2 in which the yeast metabolism 
and generalities of the cell cycle are summarised. The cell cycle and regulatory mecha­
nisms focused on S. pombe are described. Next, the traditional methods for propagation 
of cell cultures such as batch, continuous and fed batch are included. This is followed 
by a brief introduction to repeated batch cultivation which is the subject of this study.
Chapter 2
Literature Review
2.1 Introduction
Generally, the cell cycle is considered as the process by which a eukaryotic cell grows 
and divides into two new cells. All cell types undergo some version of this' process, 
although, the way cells proceed through the cell cycle and its regulation may differ from 
one species to another. The understanding of this regulation has advanced enormously , 
as data from a wide variety of genetic systems, such as fungi, and biochemical systems, 
like the eggs of Xenopus have converged to a cohesive model (Forsburg and Nurse, 
1991). A great number of studies related to the cell cycle have also been done on yeast 
cells, especially Saccharomyces cerevisiae and Schizosaceharomcyes pombe. Growth of 
the fission yeast S. pombe has been studied extensively for more than 45 years and 
the findings have been reviewed in papers like Mitchison (1989), Mitchison (2003) and 
Forsburg and Nurse (1991).
In this chapter, an overview of these findings will be described, first in yeast cells and 
later on in S. pombe specifically. This description includes the regulatory processes of 
the cell cycle namely checkpoints and the emergency response of the cells to environ­
mental conditions. Finally, the traditional and modern methods used in industry to 
cultivate yeast cells will be described especially the cyclic method of repeated batch.
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2.2 Overview of Yeast M etabolism
The metabolism in yeast, as in any kind of cell, comprises the biosynthesis of complex 
organic compounds (anabolic processes) and the breakdown of molecules (catabolic 
processes) from which energy can be released to carry out important functions such as 
synthesis of amino acids, transport of molecules through the cell wall etc. Metabolism 
refers to the biochemical assimilation and dissimilation of nutrients and encompasses 
all enzymatic reactions within the yeast cell and its regulation (Walker, 1998).
In anabolic and catabolic processes, the most important molecule that cells use for cap­
turing and transporting energy is adenosine triphosphate (ATP) which is synthesised 
in high quantity by two processes: aerobic oxidation (in nearly all cells) and photosyn­
thesis (in the case of plant cells). Anaerobic metabolism also synthesises ATP, however, 
in less quantity than the above processes.
2.2 .1  A erob ic O xid ation
In aerobic oxidation, fatty acids and sugars, mainly glucose, are completely oxidised 
to CO2 and H2 O using ADP (adenosine diphosphate) and P^"2 (inorganic phosphate) 
releasing energy in the form of the phospho-anhydride bonds of ATP. This process 
is divided into two: the initial stage of glucose metabolism is called glycolysis or the 
Embden-Meyerhof-Parnas pathway (EMP), where enzyme-catalysed reactions convert 
glucose into pyruvic acid (Walker, 1998). These reactions take place in the cytosol and 
provide the cells with a small amount of the ATP necessary; only two molecules are 
produced per molecule of glucose (Lodish et al., 2000).
In the second stage of aerobic oxidation, the fate of the pyruvic acid produced is deter­
mined by the availability of oxygen. In the presence of O2 , pyruvic acid is transported 
to the mitochondria and completely oxidised to CO2 and H2 O by the Krebs Cycle (Cit­
ric Acid Cycle). This process is carried out by all obligate aerobes and is referred to as 
aerobic respiration. In this stage, an additional 34 molecules of ATP are produced for 
each glucose molecule oxidized (Phaff et al., 1966) (Figure 7.1).
Alternatively, facultative anaerobes, which can grow in either the presence or absence
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of oxygen, convert the pyruvic acid produced from glucose to ethanol or lactic acid and 
CO2 (Lodish et al., 2000) yielding only 2 molecules of ATP for molecule of glucose. This 
process is called anaerobic fermentation and yeast, such as Saccharomyces cerevisiae, 
can shift their metabolism from a fermentative to oxidative pathway depending on 
environmental conditions.
2 .2 .2  R egu la tory  M echanism s
The onset of respiration or fermentation in yeast cells can be regulated by controlling 
the environmental conditions, such as glucose and oxygen availability. This control 
triggers different regulatory mechanisms such as the Pasteur effect and the Crabtree 
effect.
Control of regulatory mechanisms is of vital importance in industrial processes which 
exploit yeast metabolism; for instance, optimisation of yeast respiration is fundamental 
for the production of yeast biomass whereas control of fermentation is important for 
the production of ethanol.
2.2.2.1 The Pasteur Effect
When cells are growing under anaerobic conditions, the rate of glucose consumption 
is very high. However, a decrease in the glucose concentration or a change to aerobic 
conditions results in inhibition of fermentation by the onset of respiration and complete 
oxidation of glucose to CO2 (Phaff et al., 1966).
2.2.2.2 The Crabtree Effect
If the concentration of glucose available is increased, the Pasteur effect no longer ap­
plies and the Crabtree effect takes place; a suppression of respiration by high glucose 
concentration occurs (Walker, 1998). The Crabtree effect is not restricted to growth 
on glucose since some yeasts can also ferment fructose anaerobically.
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2.2.2.3 Other Effects
Two more effects have been identified according to the availability of oxygen; the 
Custers effect and the Kluyver effect (Walker, 1998). The former can be defined as 
the transient inhibition of fermentation by anaerobiosis i.e. oxygen actually stimulates 
ethanol production. It occurs in the yeast species Brettanomyces and Dekkera. The 
Kluyver effect refers to the ability of certain yeast species to grow on certain specific 
sugars, especially oligosaccharides, only under aerobic conditions, and not in anaero­
biosis or in the absence of respiration. Fermentation is blocked under these conditions.
2.3 Overview of Cell Cycle
Conventionally, the cell cycle is considered as the process by which a eukaryotic cell 
grows and divides into two new cells. The conditions under which it is carried out and 
the precision by which it is executed ensures the survival of the living organisms.
The concept of the cell cycle was first proposed in the mid 20th century by Howard 
and Pelc (1953) who showed by autoradiographic studies in eukaryotic cells that DNA 
replication occurs in a restricted part of the cell cycle called S phase. This concept lead 
to what is widely regarded as the four conventional cell cycle phases: S phase, a post 
synthetic gap G2, M phase, and a pre synthetic gap Gi (Mitchison, 1971). Generally, 
Gi, S and G2 are called interphase and it accounts for the longest part of the cell cycle. 
Yeast have proved invaluable in unravelling the major control elements of the cell 
cycle, especially Saccharomyces cerevisiae and Sehizosaccharomyces pombe (Forsburg 
and Nurse, 1991; Forsburg and Rhind, 2006; Jong-Gubbels et al., 1996; Mochida and 
Yanagida, 2006; Walker, 1998). Research conducted on these yeasts have contributed 
greatly in the understanding of cell cycle diseases, e.g. human cancer. They have been 
extensively used due to particular advantages such as; rapid growth on simple defined 
media, relatively easy to induce synchronisation, existence of numerous cell division 
cycle (cdc) mutants, well advanced molecular genetics and key cell cycle ’landmarks’ 
can be visualised easily (Walker, 1998).
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2.3 .1  M  P h ase
This phase is divided into 4 distinct sub-phases; prophase, metaphase, anaphase and 
telophase (Pardee et al., 1978). In the prophase, which marks the beginning of mi­
tosis, the chromosomes condense, becoming visibly distinct and the nuclear envelope 
breaks down. In the metaphase, the chromosomes attach themselves to microtubules 
by kinetochores and the spindle body is directed to the equatorial plate.
In the anaphase, the chromosomes separate and each chromatid moves to opposite poles 
of the cells toward the spindle body to which they were attached. During the telophase, 
a contractile ring pinches the cell into two. The chromosomes are wrapped in a new 
nuclear envelope and the final part of the M phase starts called cytokinesis where the 
cells divides and two new cells are born (Pardee et al., 1978).
2.3 .2  Interphase
Generally, the interphase is composed of Gi, S and G2 . The two gaps, Gi and G2 , that 
are inserted into the cell cycle and allow cells more time to grow (Alberts et al., 2002). 
In addition, these gaps allow the cell to monitor the internal and external environment 
to ensure that conditions are appropriate before carrying out DNA replication and 
division of cells.
2.3.2.1 The Gi Phase
Gi is defined as the period in the cell cycle between division and the initiation of DNA 
synthesis. Cells in this phase are characterised by having a minimal DNA content, they 
undergo many morphological changes and have to synthesize a large number of proteins 
and other components in order to prepare the cells for DNA synthesis (Pardee, 1978).
At a  point during Gi, referred to as the start point (Costello et al., 1986; Gray et al.', 
2004; Hartwell et al., 1974), cells evaluate the conditions for progressing through the 
cell cycle. Hartwell et al. (1974) showed that S. cerevisiae cells must attain a critical 
size before passing this key transition point and progress to the S phase.
2.3. Overview o f Cell Cycle 11
This definition of the start point coincides with the concept of the restriction point (or 
R-point) proposed by Pardee (1974) (see Section 2.3.3) as a point in Gi where cells 
commit to continue through the proliferative cell cycle. Zetterberg and Larsson (1985) 
suggested that the period before the R point (or start point) where mammalian cells are 
sensitive to serum deprivation is referred to as Gipm or post mitotic. The remainder 
of Gi is termed Gips or pre-synthetic. They have also suggested that commitment to 
S phase occurs at the end of Gipm which coincides with the R-point. Whatever the 
name given to the commitment stage in Gi, once the cells have passed the start point 
they are irreversibly committed to DNA replication.
2.3.2.2 The S Phase
The S phase is the restricted part of the cycle where DNA is replicated and where a 
highly-ordered but discontinuous series of events take place (Lloyd et al., 1982). Large 
variations in the duration of the S-phase have been observed; in yeasts like S. pombe it 
can be as short as 10 minutes (Bostock, 1977) whereas in mammalian cells can take as 
long as 8 hours (Alberts et al., 2002).
2.3.2.3 The G 2 Phase
The G2 follows successful completion of DNA synthesis and chromosomal replication 
during the S phase. The significance of this phase is not fully understood at present 
(Bailey and Ollis, 1986), however, this phase comprises the events that lead from the 
chromosome replication to the chromosome segregation (Prescott, 1963). Probably, 
the main role of this gap phase is to prepare the cells for the initiation of the M phase 
(Pardee, 1974).
2 .3 .3  G 0, Q uiescent P h ase
It is well established that cells cultivated and maintained under restrictive conditions of 
growth can exit the cell cycle (proliferative state) and enter an alternative state called 
quiescence or Go, where DNA synthesis and cell division cease (Jonak and Baserga,
2.3. Overview of Cell Cycle 12
1980). Conditions than can cause arrest can be high cell density (Baserga, 1978; Pardee, 
1974; Stoker, 1972; Zetterberg and Larsson, 1985) or limitation of an essential nutrient 
(Pardee, 1974; Tobey and Ley, 1970) such as serum in mammalian cells (Baserga, 1978; 
Fantes, 1986; Riddle and Pardee, 1980; Tobey and Ley, 1970) and carbon source in yeast 
(Gray et al., 2004). It is also believed that cells in the quiescence state remain viable 
for long periods of time, i.e. capable of returning to a proliferative state.
Exit from the cell cycle and growth arrest occur in Gi and hence quiescent cells have the 
same DNA content of cells as in this phase (Bartholomew et al., 1975; Baserga, 1978; 
Mochida and Yanagida, 2006; Tobey and Ley, 1970). However, it has been observed 
that in some cell strains such as S. pombe, exit from the cell cycle can occur in either 
Gi or G2 , depending on the environmental conditions and depending on whether , they 
are deprived of nitrogen or glucose respectively (Nurse and Thuriaux, 1977)
Quiescent cells differ significantly from Gi cells in certain physiological characteristics 
and this has led to the idea that quiescent cells are in a distinct cycle (Fantes, 1986; 
Gray et al., 2004). Regarded as viable, quiescent cells can be stimulated to re-enter the 
cell cycle and proliferate by resuspending the cells in media containing all the necessary 
nutrients (Gray et al., 2004; Tobey and Ley, 1970). These cells are able to  re-enter the 
cell cycle through Gi, and the time it takes cells to initiate S phase from quiescence 
is far greater than the time spent from mitosis to S phase in exponentially growing 
cells (Baserga, 1978). In addition, it has been suggested that the quiescent state is not 
a single condition of the cell, but that it is composed of different stages; Goa, Gob... 
Goi and if cells are maintained for long periods of sub-optimal conditions they seem to 
become ’’more arrested” and hence require a longer time for recovery and re-entry into 
the cell cycle (Pardee, 1978).
There is a lot of debate concerning the exact point in Gi where cells leave the cy­
cle. Pardee (1974) proposed the restriction point or R-point, reviewed earlier (Section 
2.3.2.1) as a control point where cells can become quiescent or commit to continue in 
the cell cycle regardless of the sub-optimum conditions applied to the culture. As dis­
cussed, this agrees with the definition of the start point in the yeast cell cycle (Costello 
et al., 1986; Gray et al., 2004; Pardee, 1974).
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Are Cells Stationary or Quiescent?
Baserga (1978) distinguishes between stationary cells and quiescent cells in that sta­
tionary describes a population in which the total cell number does not increase and 
quiescent is a condition in which the great majority of stationary cells (95% or more) 
have a DNA content equivalent to that of Gi cells. This state is often referred to as 
Go- Another difference is the ability of quiescent cells to remain viable for long periods 
whilst stationary cells may lose viability and eventually die (Baserga, 1978; Mochida 
and Yanagida, 2006).
In another approach, Werner-Washburne et al. (1996) has proposed a two state model 
for yeast cells where due to carbon starvation S. cerevisiae cells are arrested in Go phase 
(first state). Entry into the stationary phase (second state) requires carbon source 
limitation and exit requires its re-introduction. Hence the two states are completely 
separated but are dependent on absence of a particular nutrient.
2.3 .4  Y east G row th  and C ell C ycle
Studies on yeast cell S. pombe indicate that there is a size control during the cell cycle 
where cells check whether they have attained a critical size (Nurse, 1975; Nurse and 
Thuriaux, 1977). It has been proven that large cells at birth have a shorter cell cycle 
and less total growth than smaller cells. Fantes and Nurse (1977) presented evidence 
that indicates that in S. pombe there are two cell size controls; during nuclear division 
and the initiation of DNA synthesis. It was also found that these critical size controls 
are dependent on nutrient availability; when a nutrient becomes growth-limiting the 
cell size necessary for division falls and cells at birth become smaller, triggering the 
size control at DNA synthesis. This phenomena becomes the limiting factor for cell 
progression making cells accumulate in Gi (Fantes and Nurse, 1977).
Up to this point, the typical cell cycle phases have been reviewed including the quiescent 
stage referred to as Go- However, progression around the cell cycle is controlled by 
checkpoints where cells check the environmental conditions in order to guarantee the 
precise replication of DNA.
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2 .3 .5  C heckpoints
The notion of checkpoints started with studies on budding yeast (Hartwell and Weinert, 
1989) which revealed how cells check at particular points whether early events in the 
cycle have been completed properly. If not, the cells will get arrested and can delay 
subsequent processes to allow time for the necessary repairs to be completed, hence the 
initiation of later events occurs after the successful completion of earlier ones (Mitchi- 
son, 1971). Checkpoints occur between Gi and S phase, between G2 and M phase and 
in the metaphase.
2.3.5.1 G i/S
At this point, cells check the nutrient availability that allows the critical size to be 
attained and proceed to DNA replication or they need to enter the quiescent stage 
Go phase until conditions are recovered (Murray and Hunt, 1993). Some yeasts like 
S.cerevisiae regulates it cycle at this checkpoint, whereas, in fast growing cells, such as 
S. pombe, the cycle progression is regulated mostly at this checkpoint (Forsburg and 
Nurse, 1991).
2.3.5.2 G 2/M
The G2 checkpoint prevents cells from entering mitosis if DNA damage has occurred 
since the last division, providing an opportunity for DNA repair and stopping the 
proliferation of damaged cells. Because the G2 checkpoint helps to maintain genomic 
stability, it is an important focus in understanding the molecular causes of cancer.
2.3.5.3 M etaphase
During this checkpoint cells are arrested if the spindle is not assembled, or if all the 
chromosomes are not properly oriented and attached to the spindle. This control en­
sures that the precise replication of DNA at the molecular level leads to the precise 
segregation of the replicated DNA at the cellular level (Nurse, 2000).
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2.4 The Yeast Schizosaccharomyces Pornbe
The fission yeast S. pornbe was isolated from east African millet beer more than a 
century ago but it did not become popular until the 1890’s. It owes its name to the 
Swahili word pombe which means ’from beer’. Its scientific name, Schizosaccharomyces, 
which means ’different sugar yeast’, was assigned to highlight the difference from the 
genius Saccharomyces (since schizo means ’different’) but also reflects the similarities 
with the rest of the genus. It is a fission yeast because it is able to reproduce by fission 
of a mother cell, unlike most of the other yeast species known, which grow by budding.
One of the main characteristics of this yeast is the similarities with higher eukaryotes, 
i.e. many of the genes that regulate cell division in more complex organisms also exist 
and function the same way in S. pombe. Hence, this yeast has been used a great 
deal in the study of cell cycle. It has been used as a model for cell division since 
key cell cycle landmarks are easily observed such as septum formation in cytokinesis 
and size regulation which provides information about the position of the cell within 
the cycle. These studies have contributed to the understanding of different regulatory 
mechanisms that permit the progression through the cell cycle, namely checkpoints, 
and the influence of these checkpoints over the cycle regulation. In addition, in the 
laboratory, this yeast grows very quickly (generation time of 2-4 hrs), it is very easy to 
handle and can grow in simple defined medium.
This unicellular yeast is a haploid eukaryote (it contains one set of chromosomes), it 
is rod-shaped and can measure 2-3 micrometers in diameter and 7-14 micrometers in 
length. This yeast divides primarily by mitosis, however, if the nutrient availability 
is poor and the mating types are present, meiosis can take place, making this yeast a 
deficient model for mammalian cells.
2.4 .1  S. pombe C ell C ycle
The fission yeast grows in length by extension at the ends keeping the diameter constant 
(May and Mitchision, 1995; Mitchison, 1989; Mitchison and Nurse, 1985). In the first 
quarter of the cycle, a monopolar growth of the old end is predominant switching to
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bipolar growth for about three quarters of the cycle (Mitchison, 1989). In addition, 
cells divide symmetrically, hence cells in the same cycle stage have a very uniform size. 
These two characteristics allow an easy monitoring of the stage at which cells are, i.e. 
cell length can indicate the position of a cell within the cell cycle (Fantes and Nurse, 
1977).
Although the S. pombe cycle has the same phases as any other eukaryote, Gi, S, G2 and 
M, certain characteristics are particular to this yeast, e.g. completion of cytokinesis at 
the end of the S phase (Nurse, 1975), ability of cells to exit the cell cycle and enter Go 
at any point in thef cell cycle (Wei et al., 1993), long G2 and short Gi phase (Nurse, 
1975), polarised cell growth (Mitchison and Nurse, 1985), etc. For a schematic of the 
S. pombe cell cycle see Figure 7.
The duration of each phase of the cycle at rapid growth rates has been calculated as 
approximately 0.1 units of a cycle in Gi, S and M and 0.7 of a cycle in G2 (Nasipyth 
et al., 1979). In the right conditions of temperature and nutrients, the cell cycle is 
completed in 180-200 min. Cells growing in such environments complete cytokinesis 
at the end of S phase, and new born cells do not separate completely until the end of 
S phase. Mitchison (Mitchison, 1989) calculated the timing of events more precisely 
growing S. pombe in Edinburgh Modified Medium (EMM) and at 29° C. it was con­
cluded that cells spend most of their time in G2 which lasts approximately 128 min; M 
phase lasts approximately 9 min, Gi approximately 25 min and S phase approximately 
18 min. See Table 9.1 for generation times in haploid strains of S. pombe.
2.4.1.1 S, G i and G 2 Phases
It is well establised that S. pombe possesses a very distinctive feature; Gi and S phases 
are very short and G2 is very long (MacNeill and Nurse, 1997). Despite Gi being 
shorter than in other cell strains, if new born cells are small they are arrested in Gi 
until the critical size is attain. However, this is evident only in some mutant strains 
and when very poor environmental conditions are present (Fantes, 1977; Fantes and 
Nurse, 1977).
In wild type cells, Gi is almost negligible because daughter cells are long enough to
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start another round of DNA replication as soon as mitosis is finished (Nurse, 1975). In 
consequence, there is not a morphological marker for the start point (Section 2.3.2.1) 
as the point at which cells commit to the mitotic cycle. However, entry into the S 
phase is dependent on prior completion of mitosis in the previous cycle and on the cell 
reaching a critical minimal size (Nurse, 1975; Nurse and Thuriaux, 1977).
The S phase is also brief and has the characteristic that it is in this phase where 
separation of mother and daughter cells is completed (Nurse, 1975); Gi and S are 
completed prior to the completion of cell division and undivided cells are observed 
from the M phase until some point in S phase (Figure 7.3). The G2 phase on the 
contrary, takes up three quarters of the cell cycle. In this phase, the cells also undergo 
the greatest growth in length and before they start mitosis, the cells check once more 
for their size before proceeding into duplication of DNA (Mitchison and Nurse, 1985). 
S. pombe growth will be discussed further in Section 2.4.4
2.4.1.2 M eiosis Differentiation
Generally, when provided with sufficient nutrients S. pombe cells reproduce by mitotic 
division. Upon nutrient depletion, one of the alternative fates is meiotic differentiation 
(MacNeill and Nurse, 1997). If the culture contains cells of only one mating type, the 
cells leave the cell cycle, possibly into Go phase. However, if both mating types are 
present, cells undergo conjugation and form diploid zygotes, which in turn can undergo 
meiosis and sporulate (Yamamoto et al., 1997). The process of meiosis and sporula- 
tion has been described as an emergency response to nutrient limitation (Forsburg and 
Nurse, 1991) and although nitrogen limitation is mainly the cause of sexual differentia­
tion, low glucose concentration in the media can also trigger meiosis (Yamamoto et al.,
1997).
Once the cells have passed the start point (Section 2.3.2.1 ), they cannot conjugate and 
must proceed through the cell cycle. The commitment to mitotic cell division occurs 
in a very narrow window in the Gi phase of the cell cycle which defines the starting 
point of the cell cycle. A schematic of this process is presented in Figure 7.4.
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2.4 .2  C heckpoin ts in  S.pombe C ell C ycle
As in any eukaryote, the cell cycle of S. pombe is modulated by checkpoints partly 
in order to regulate and correct errors in the sequences of DNA replication and cell 
division. At the end of mitosis, a newly born cell has three options; enter Go in a 
quiescent state, undergo meiosis or undergo mitosis.
Analysis of the growth of mutant weel-50, revealed that there are two cell size controls 
in S. pombe; over the nuclear division (Gi/S) and the initiation of DNA synthesis 
(G2 /M) (Fantes, 1977; Fantes and Nurse, 1977; Forsburg and Nurse, 1991). In S. 
pombe wild-type cells, the G i/S  checkpoint is usually not evident because newly born 
cells axe big enough to initiate DNA synthesis and hence, usually, the Gi phase can 
be very short. This presents a disadvantage for S. pombe studies because there is no 
physiological marker for the start point as there is in S. cerevisiae (Walker, 1998).
Although the start point in S. pombe is not evident due to Gi being short, under 
conditions where cells are unusually small (e.g. after sporulation) or there is nutrient 
limitation, especially nitrogen limitation (Moreno et al., 1991; Nurse, 2006), the period 
before start is lengthened until the required critical size is achieved (MacNeill and 
Nurse, 1997).
The second major control point is at the entry into M phase; the G2 /M  checkpoint. The 
progression through the G2 /M  checkpoint is also size regulated and strongly influenced 
by the availability of glucose (Moreno et al., 1991; Nurse, 2006). It is also dependent on 
successful completion of DNA replication and repair of any DNA damage or mutation 
(Nurse, 1975).
2.4 .3  S. pombe G 0, Q uiescent P h ase
Traditionally, it was believed that S. pombe entered Go through Gi or G2 (Costello 
et al., 1986). However, it has been reported that S. pombe cells may enter this state 
from any phase of the cell cycle. This was observed in experiments carried out with 9 
different cdc temperature sensitive cells and wild type cells where entry to a quiescent
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state was induced by nutrient starvation (Wei et al., 1993). Quiescence was monitored 
by measuring long term viability and resistance to thermal shock.
Although cells were arrested at certain points of the cell cycle, they did not undergo 
growth arrest and continue to increase their mass. This observation is opposite to other 
experiments (Su et al., 1996) where although cells were metabolically active, they re­
main dormant for cell growth and division until the nitrogen source is replenished. In 
this latter experiment, it was also observed that the glucose consumption was main­
tained although cells were not growing. It was then concluded that in order to keep cell 
metabolism working and, hence viability, a carbon source was also needed to mediate 
changes associated with the entry into dormancy (Su and Yanagida, 1997).
Despite the increased resistance to poor metabolic and environmental conditions, the 
cells are also affected morphologically and consequences such as loss of cell polarity, 
reduction of cell size and flattening of nuclear chromatin have been reported (Su and 
Yanagida, 1997). When nitrogen sources were re-established, cells were able to come 
back to the mitotic cell cycle. However, a lag time for cells to recover completely into 
the cell cycle was observed, probably due to the trigger of the critical size checkpoint or 
cells recovering and re-synthesising protein pools, depleted due to prolonged nitrogen 
starvation.
2 .4 .4  C ell G row th and C ell C ycle
The relationship between cell growth and the cell cycle has been discussed previously 
(Section 2.3.4). Rod-shaped cells do not grow in diameter but do grow in length and 
this provides information about the performance of the cell cycle. The fission yeast 
exhibits polarized growth at the cell ends and symmetrical division at the cell centre. 
From Figure 7.5, a newly born cell (A) starts growing length-ways by the old end (OE) 
which existed in the previous cycle (B). As soon as cytokinesis has occurred, i.e. in 
the early G2 phase, cells switch from monopolar to bipolar growth from the new end 
(C) for about three quarters of the cell cycle, at a point referred to as NETO (new end 
takes off) and finishes just before mitosis (Mitchison and Nurse, 1985). At the end of 
NETO, a septum appears (D), the cell divides into two and a new scar appears (E).
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Using fluorescence microscopy and staining wild type, size mutants and cdc mutants 
with calcofluor, Mitchison and Nurse (1985) concluded that NETO does not take place 
if i) the cell length is not greater than a critical length of 9-9.5 micrometers; and ii) 
cells have not traversed the first 0.3-0.35 of the cycle from Gi and passed early G2 . In 
fact, in small dividing cells, NETO does not begin until the first requirement is fulfilled 
and are held in Gi until the required length is attained^ However, in long dividing 
cells, NETO is more dependent on the second requirement and it does not start until 
S phase is finished.
In addition, it was found that growth rate is constant for about three quarters of the 
growing period followed by a rate changing point (RCP) where an increase of nearly 
35% in the overall cell elongation rate is observed. However, during the RCP, the 
old end growth slows down. In wild type cells, this higher growth rate coincides with 
the onset of NETO and continues until the start of mitosis where a constant volume 
stage is observed which occupies 25% of the cycle. It was demonstrated that NETO is 
delayed in poor media which also reduces the size threshold, in addition, variation in 
temperature had little or no effect on NETO (Mitchison and Nurse, 1985).
2.4.4.1 Growth Requirements o f Fission Yeast
Fission yeast is generally grown in EMM2 (Edinburgh Minimal Medium) (Mitchison,
1971) or YES (Yeast Extract Medium). The former is suitable for metabolic studies
(Fiechter et al., 1981) because all the components and their concentrations are known,
but is costly and used mainly for laboratory purposes. Yeast extract media can be
used as a complex additive that contributes trace elements and growth factors at low
cost (Perez et al., 1992). As the nutrients in the media start running low, growth rate
decreases and cells start to accumulate in Gi or G2 depending on whether they are
deprived of nitrogen or glucose respectively (Moreno et al., 1991; Nurse, 2006). In YES
and EMM2, glucose is usually the limiting nutrient and hence cells will arrest primarily 
(a)
in G2 . Generally, the optimum pH for the growth of fission yeast is between pH 5 and 
pH 6  units and 5.6 is regarded as the standard value (Nurse, 2006).
Temperature sensitive strains are generally grown at 25° C with a restrictive temper-
Undefined media, also called complex media, provide many of the nutritional elements 
as mixtures of protein hydrolysates (e.g. peptones) or extracts (e.g. yeast extract) 
in which the exact chemical identity and concentration of essential nutrients, trace 
elements, and growth factors are not known (Flickinger et al., 1999). According to 
Flickinger et al., 1999, the use of complex medium will generally give greater cell yield 
for most strains of E. coli and Bacillus species. Yeast extract peptone or YP, is an 
undefined rich complex medium composed of yeast extract and peptone, and it is used 
frequently in the initial stages of the fermentation when a large inoculum is necessary 
(Hahn-Hagerdal, 2005)
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ature of 35.5-36.5°C where the cell population becomes arrested at checkpoints. The 
restrictive temperature for cold sensitive strains is 20° C. The optimal temperature for 
growing wild-type cells is between 29 and 32° C, but is has been observed tha t above 
36.5°C, or below 18°C, cells grow very slowly (Moreno et al., 1991; Nurse, 2006).
2.5 Propagation M ethods
Traditionally, cells have been cultivated in batch and continuous mode for different 
applications. However, shake flasks and agar plates were first used for producing cell 
material but the control over the culture was limited to temperature and pH. W ith the 
introduction of cultivation in bioreactors, the study of the kinetics and metabolic pro­
cesses of cell cultures was broaden making possible a deeper knowledge of the dynamics 
of many micro-organisms.
In this section, S. pombe propagation methods will be discussed briefly. The most 
common methods for cultivation of fission yeast have been batch and continuous. Later, 
fed-batch cultivation and other methods performed in other micro-organisms will be 
discussed. Finally, the non-traditional methods, especially repeated batch cultivation, 
will be discussed as an attractive method for industrial purposes that combines many 
features of batch and continuous cultivations. '
2.5.1 B atch  C ultivation
One of the main advantages of batch cultures is that pH values, temperature and 
agitation are easily controlled which makes this method very reliable. However, a 
disadvantage of using batch cultivation is that since nutrients are added at the beginning 
and used up by the cells, there is no control of the medium conditions during the 
cultivation and metabolic inhibitors can be accumulated, decreasing the productivity 
of the culture.
Despite this, the growth kinetics of S. pombe have been extensively studied using batch 
cultivation at various culture conditions such as pH, ethanol and oxygen concentration 
in shake flasks (Queiroz and Pareilleux, 1990). Batch cultivation has contributed greatly
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to knowledge about the cell cycle and physiology of fission yeasts, e.g. establishing 
that the S phase occupies 1 2 % of the total cell cycle time and is completed at the 
same time as cell separation (Agar and Bailey, 1982), the fact that S. pombe growth 
is characterised by monopolar growth for the first quarter of the cell cycle switching 
to biopolar growth at NETO (Mitchison and Nurse, 1985). In addition, the concept 
of critical size attainment as a requirement for the onset of mitosis was establish by 
studying the effect of varying nutritional conditions and growth rate on cell size in batch 
cultivation (Fantes and Nurse, 1977). Different medium compositions have also been 
studied to optimise the high cost of synthetic defined media to gain more information 
about the kinetic and metabolic mechanisms of the cell (Barford, 1985a; Fantes and 
Nurse, 1977).
2.5.1.1 Effect of Glucose Concentration
The ability of S. cerevisiae to ferment in anaerobic conditions and yield important 
quantities of ethanol is well known. The growth of this typical glucose-sensitive yeast 
is divided in two periods. The first period is characterised by high values of respiratory 
quotient, RQ, and production of ethanol with parallel formation of biomass (RQ is 
defined as the ratio between CO2 produced and the O2 consumed). While glucose is 
being depleted from the medium, respiration starts to be repressed. Once the glucose 
is depleted from the medium, the ethanol produced in the previous period serves as a 
substrate for the second period where the respiration is initiated and as a consequence 
RQ drops. This kind of growth is referred to as diauxic growth and the ability of this 
yeast to oxidise ethanol has been observed in batch and continuous cultures (Coppella 
and Dhurjati, 1989; Fiechter et al., 1981).
It has been suggested that S. pombe is unable to grow on medium with ethanol as 
the only carbon source and growth of this yeast produces a single exponential phase 
(Barford, 1985b; Fiechter et al., 1981). This is called monoauxic growth and in the 
case of S. pombe it is referred to as secondary monoauxic growth (Fiechter et al., 1981; 
McDonald et al., 1987).
However, batch cultures of fission yeast grown in EMM2, modified to contain D-glucose
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at 0-80 mg/ml and either ethanol (at 0 - 1 0  mg/ml) or acetate (at 0 - 2  mg/ml), resulted 
in diauxic growth where sequential utilization of glucose, ethanol and acetate was found 
(Tsai and Acevedo, 1987). Diauxic growth was evident in these cultures but it was not 
present in every experiment; 7 of 12 experiments revealed consumption of ethanol and 
acetate once glucose was exhausted. These observations were confirmed in continuous 
cultures of S. pombe by McDonald et al. (1987), Jong-Gubbels et al. (1996) and Tsai 
et al. (1992) (see Section 2.5.2 .1 ).
2.5 .2  C ontinuous C ultivation
Despite the widespread use of batch cultivation, this propagation method is charac­
terised by the accumulation of metabolites that results in inhibition of cell growth, as 
well as an increase in the competition for nutrients in medium at high cell density. Be­
sides, the culture conditions change constantly with time, and this makes it difficult to 
reproduced data from one batch to another. This problem may be overcome by using 
continuous cultivation.
By this technique, it is possible to induce a particular regulatory state in a culture 
and maintain it for an indefinite time in a constant environment. It is also possible to 
carry out dynamic studies when shifts or disturbances are applied to the culture and to 
obtain a culture growing at the same specific growth rate (Fiechter et al., 1981). The 
kinetics of this propagation method have been extensively studied using different cell 
strains in fully aerobic continuous cultures and many authors have observed a strong 
correlation between growth parameters and dilution rate in experiments carried out 
in chemostat cultures (Agar and Bailey, 1981; Barford, 1985b; Fiechter et al., 1981; 
Jong-Gubbels et al., 1996; Vrana, 1983a).
Studies on glucose metabolism (Fiechter et al., 1981), respiration mechanism (Alexan­
der and Jeffries, 1990; Barford, 1985b, 1990), morphological studies (Vrana, 1983a,b) 
and metabolites growth inhibition (Jong-Gubbels et al., 1996; McDonald et al., 1987; 
Tsai et al., 1992), have shown that there exists a dilution rate (defined as the ratio of 
the inlet volumetric rate to the liquid volume), referred to as the critical dilution rate 
or Do-, at which growth parameters are seriously affected. At dilution rates lower than
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D<7 , cells exhibit no growth repression or ethanol production, which is typical of aerobic 
respiration. In addition, the biomass yield, specific oxygen uptake rate and even the 
length of cells increases.
Above Dc, the same parameters decrease and the ethanol production increases leading 
to the onset of a respiro-fermentative metabolism (Alexander and Jeffries, 1990; Bar­
ford, 1985b, 1990; Fiechter et al., 1981; Jong-Gubbels et al., 1996; McDonald et al., 
1987; Tsai et al., 1992). Some authors consider this behaviour to be the consequence 
of respiration repression (Fiechter et al., 1981; McDonald et al., 1987), whereas ex­
periments carried out by Barford (1985b, 1990) suggest that the over-production of 
ethanol is caused by an increase in the rate of glucose transport and that no repression 
of respiration is present.
Studies of the enhancement of the productivity of continuous process have been per­
formed experimentally on cultures of S. pombe (Arzumanov et al., 1999) and by sim­
ulation on mammalian hybridoma cells (Faraday et al., 1994). The latter suggests 
that periodic perturbations enhance biomass and product yield by up to 20%. These 
suggestions were confirmed experimentally by Faraday et al. (1995), who obtained an 
enhancement of 13% and 31% in the average cell concentration by disturbing the system 
at the 4th and 8th hour respectively.
The morphology of the cells is also affected by dilution rate; Vrana (1983a,b) carried 
out continuous cultures of S. pombe and found that the size of cells at division is a 
function of the specific growth rate; at D less than 0.20 h_1, insufficient substrate is 
available and ,as a consequence, the cells differ both in length and volume, whereas, at 
D larger that 0.20 h-1 , the cells elongate and become slender and the volume of mother 
and daughter cells is practically the same.
2.5.2.1 Effect o f Glucose Concentration in Continuous Cultures
As previously mentioned, S. cerevisiae exhibits a diauxic growth and has also been 
investigated in continuous fermentation. As demonstrated in batch cultivation, once 
the glucose is depleted, the respiration starts to be repressed and production of ethanol 
is observed. Once the glucose is depleted from the medium, the ethanol produced serves
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as substrate for the culture. This phenomenon is observed at a value of Dc =  0.2 h 1 
at which aerobic respiration is switched to aerobic fermentation (Fiechter et al., 1981).
Although S. pombe is not a typical diauxic, it does have the capacity to metabolise 
and grow on medium rich in glucose with added ethanol and acetate (Jong-Gubbels 
et al., 1996; McDonald et al., 1987; Tsai et al., 1992). Chemostat cultures of S. pombe 
on EMM2 supplemented with 2 mg/ml of d-glucose, and a maximum of 10 mg/ml 
of ethanol confirmed this observation. In addition, a maximum concentration of 1.75 
mg/ml of acetate was added to the same medium and showed a higher cell density 
compared to the ethanol supplemented medium (McDonald et al., 1987).
By modelling the aerobic and anaerobic growth on yeast in continuous cultures, Alexan­
der and Jeffries (1990) support the idea that aerobic fermentation results from an 
inherently-limited respiratory capacity of some yeasts, rather than from a specific re­
pression of respiration.
2.5 .3  F ed-B atch  C ultivation
Although continuous cultivation has certain advantages, such as the possibility of long 
runs and low down-time (start up and shut down time), contamination problems have 
been reported when using continuous cultures. Fed-batch cultivation has been devel­
oped to overcome these difficulties. This method has been used for the production 
of baker’s yeast to overcome catabolite repression and control oxygen demand (Do­
ran, 1995), experimental studies on methylotrophic yeast Pichia pastoris for improving 
the production of recombinant proteins by control of the specific growth rate (Ren and 
Yuan, 2005; Resina et al., 2005) and in simulation for the production of penicillin (Pirt, 
1974) from filamentous micro-organism (Birol et al., 2002).
The principle of fed-batch cultivation is to feed one or more nutrients into the reactor 
during cultivation and the products remain in the reactor until the end of the run. 
The term fed-batch culture was introduced by Yoshida et al. (1973) to refer to a batch 
culture which is fed continuously with fresh medium. A feature of fed-batch culture is 
that it may be used to determine the relation between specific growth rate and growth- 
limiting substrate concentration (Pirt, 1974). However, one of the major problems when
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cultivating cells in fed-batch is the accumulation of by-products. This phenomenon has 
been observed when cultivating Escherichia coli at high growth rates and high glucose 
concentration (Akesson et al., 2001; Kim et al., 1996; Konstantinov et al., 1991, 1990; 
Lin et al., 2004; Luli and Strohl, 1990; Rozkov and Enfors, 1999).
When growing E. coli aerobically for the production of phenylalanine in fed-batch 
culture applying different glucose feed rates, Konstantinov et al. (1990) observed acetic 
acid produced at different stages. It was suggested that this phenomenon may be the 
result of a limited cell respiratory capacity (Crabtree effect) under a high glucose feed 
rate and sufficient oxygen supply. These results have also been observed in other studies 
cultivating other microorganisms like S. cerevisiae (Pham et al., 1998; Wu et al., 1985) 
and recombinant Streptomyces lividans (Kim et al., 1998) .
Furthermore, Konstantinov et al. (1990) distinguished 3 zones when the relationship 
between specific glucose uptake rate (GUR*) and time is considered; the sub-critical 
feed rate region, is characterised by complete oxidation of the glucose fed and acetate 
is not formed; the super-critical feed rate region, some of the glucose fed is not oxidised 
and the rest may be directed through the glycolytic pathway to produce acetaldehyde 
and acetate; and the third zone lies between the previous two regions and it is referred 
to as the region of critical feed rates. In this region, glucose feed rates correspond to 
the oxidative capacity of the cells and the degree of saturation of respiration (defined as 
the ration of GUR* and G U R ^ ) is close to one. From this point of view, the problem 
of control of glucose feeding in fed-batch cultivation can be overcome by avoiding high 
glucose concentration which fixes GUR* in the region of super-critical feed rates where 
the critical glucose uptake is reached (Akesson et al., 2001; Konstantinov et al., 1991, 
1990).
Another way of controlling acetic acid formation was tested by developing an automated 
glucose feeding strategy that monitored the dissolved oxygen of the culture with a 
standard probe. Akesson et al. (2001) observed that acetate is released from the cells 
when the specific oxygen uptake rate, qo2, reaches an apparent maximum.
In order to find parameters that can contribute to the control of this fermentation 
mode, analysis of the concentration of cyclic adenosine monophosphate, cAMP, under
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various recombinant and non-recombinant glucose-limited fed-batch cultures has been 
investigated (Lin et al., 2004). cAMP together with cAMP receptor protein regulate the 
transcription of numerous operons (defined as a group of key nucleotide sequences that 
include an operator, a promoter and one or more structural genes that are controlled 
as a unit to produced messenger RNA) as a part of the cellular response to glucose 
starvation and can be an excellent marker of the physiological situation regarding the 
energy state of the cell. The results suggest that the specific production rate of this 
substance, qCAM P,  indicates a clear inverse correlation with the specific growth rate; q 
c a m p  was very low at the maximum growth rate but increased during glucose limitation*
Another parameter that may be monitored and that has been demonstrated to be 
effective in avoiding the over-production of undesirable by-products is the respiratory 
quotient, RQ. Results of experiments on S. pombe for the production of recombinant 
human lysosomal acid lipase (Ikeda et al., 2004) and of cadmium sulphide quantum 
semiconductor dots (Williams et al., 2001) showed that it was possible to identify the 
glucose depletion point by monitoring the rapid drop in RQ suggesting that RQ is a 
possible indicator to initiate replenishment of glucose.
In conclusion, fed-batch cultivation is a good technique to obtain high cell densities at 
controlled conditions during the fermentation especially when the changing concentra­
tions in the medium affect the yield of productivity of the desired metabolite. However, 
care should be taken regarding the feeding strategy as a too low or too high glucose 
feed rate could shift the metabolism of the cells to over-production of undesirable by 
products such as acetic acid.
2 .5 .4  O ther P ropagation  M eth od s
It is evident that to achieve production with high yield at industrial scale, it is necessary 
to obtain high cell densities, therefore it is convenient to avoid substrate depletion and 
removal of inhibitory substances such as acetate or excessive ethanol concentration 
from the medium. In a way, the traditional methods describedabove can achieve this 
and experimental data have demonstrated it. However, many disadvantages have also 
been found when using these techniques such as the coupled response of the culture
Mori et al. (1983) compared the cell productivities of the ethanol assimilating yeast 
Candida Brassicae during fed-batch, continuous and repeated fed-batch cultures and 
found that cell productivity increased in that order.
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to nutrient depletion and inhibitors accumulation (batch culture), contamination of 
the culture (continuous culture) or excessive accumulation of metabolites (fed-batch 
culture). Furthermore, a very strict control strategy has to be in place in order to 
keep the cells growing, if possible, exponentially in the case that the desired product is 
growth-associated.
Many propagation modes have been used in order to increase yield and decrease growth
inhibition. Strategies such as perfusion, semi-continuous, self-cycling and the cyclic
methods of repeated fed-batch and repeated batch methods have been studied. Studies
have also been carried out to compare the effectiveness of these proposed strategies; 
(<*)
Mori et al. (1983) compared the cell productivities of fed-batch, continuous and re­
peated fed-batch cultures and found that cell productivity increased in that order.
Perfusion involves the retention of the cells in the suspension culture while exchang­
ing the medium continuously with simultaneous addition of nutrients and removal of 
the byproducts. Additionally, the product as well as potential growth inhibitos are 
continuously removedfShirgaonkar et al. (2004)) In this way, the risk of product con­
tamination or degradation is reduced( Su* , 2 0 0 0 ) and high cell concentration and large 
quantity of product can be achieved in single continuous operation (M. et al., 1996). 
Methods for cell retention include cross-flow filtration (e.g. /3-galactosidase production 
(Kawakatsu et al., 1993)), hollow fiber filtration (e.g. lactic acid production (Oh et al.,
2003) and cultivation of Bifidobacterium longum (Her et al., 2004)) and precipitation 
(Shirgaonkar et al., 2004).
A method that has been proposed as a viable alternative for both batch and continuous 
fermentation is self-cycling fermentation, SCF, which works by controlling the dissolved 
oxygen (DO) in the culture achieving a high substrate utilisation (Brown and Cooper, 
1991; Hughes and Cooper, 1996). The principle of this method is to replace part of the 
culture at a fixed ratio of 50% when a pre-set DO has been reached which corresponds 
to the total consumption of the carbon source and by having such a large inoculum, 
the lag phase at the start of each batch is eliminated. However, Betlem et al. (2002) 
suggests that this fixed ratio will rarely result in an optimal production rate.
Semi-continuous (or pseudo-continuous) cultures start as a regular batch cultivation
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until the late exponential growth phase is reached, after which a known volume of fresh 
culture medium is added. After mixing, an equal volume is removed (Ramirez and 
Mutharasan, 1990). It has been observed in experiments with different dilution rates 
that cell concentration profiles resemble that of continuous cultivations (Kandarakov 
et al., 2000; Ramirez and Mutharasan, 1990), i.e. cell concentration decreased as di­
lution rate increased with a maximum concentration at critical dilution. Although it 
is suggested that, contrary to continuous cultures, this method offers the convenience 
of simple operation and the possibility of running large number of independent exper­
iments in T-flasks (Ramirez and Mutharasan, 1990).
Repeated fed-batch culture was first proposed by Pirt (1974) as an intermediate system 
between fed-batch and continuous cultures and suggested that this cultivation mode 
was technically easier than chemostat culture because of the need to keep the volume 
constant at all times in the latter is a requirement. Other authors have also used re­
peated fed-batch as a alternative to produce high cell density cultures (Mori et al., 
1983; van Lier et al., 1996) and increase productivity (Bajpai and Bajpai, 1987). The 
advantage of this method is that the inoculum does not have to be prepared for the sec­
ond and subsequent cycles, reducing the downtime, the fermentation time and therefore 
reducing the capital and operating costs for the process (Bajpai and Bajpai, 1987).
Another alternative that has been proposed is repeated batch fermentation which is 
the subject of this study.
2.6 R epeated Batch Cultivation
The principle of repeated batch cultivation is to allow a cell culture to grow as a batch 
for a set period of time (dilution cycle time; DCT) at the end of which a fraction 
of the culture is withdrawn (harvest fraction; HF) and replaced by the same volume 
of fresh medium (resuspension) and the process starts again. This process is then 
repeated several times (cycles). In principle, by using this procedure nutrients are 
always available and potential inhibitory substances can be kept to a minimum, allowing 
cells to grow in better conditions and yield greater productivities. In this sense, repeated 
batch has been regarded as similar to continuous culture where all or part of the culture
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is withdrawn and replenished with fresh medium permitting cell growth for extended 
periods of time (Piccoli-Valle et al., 2001). A typical profile of the expected response 
of a repeated batch culture is depicted in Figure 7.6 (Faraday et al., 1994).
A repeated batch culture of a hybridoma cell line was simulated for an optimum 
HF/DCT combination of 80% and 53 hrs. Only the initial and final value of cell 
concentration is included and shows that from cycle to cycle these values are the same. 
In principle, there is no reason why this process could not be performed indefinitely. 
However, obtaining the profile presented above and the achievement of greater produc­
tivities by using repeated batch cultivation depends on factors critical to the cultivation; 
choosing the correct timing for medium replacement (DCT) and the amount of culture 
withdrawn from the reactor (HF). In addition, medium composition, temperature, pH 
and agitation play an important role in the performance of the culture when using 
repeated batch method just as they do in other culture methods.
Repeated batch culture has been successfully applied in laboratory studies (Fotuhi, 
2002; Stavroulakis et al., 1991b), industry (Ikegami et al., 1998; Watanabe et al., 1990), 
agriculture (Schiigerl and Rosen, 1997) and in the production of enzymes (Kawakatsu 
et al., 1993; Piccoli-Valle et al., 2001; Srinivasan et al., 2001). In the production of 
ethanol, there has been a particular interest in yeast growth by repeated batch cultiva­
tion, especially S. cerevisiae (Arzumanov et al., 1999; Kida et al., 1992,1991; Morimura 
et al., 1997; Nishizawa et al., 1984; Watanabe et al., 1990). In addition, repeated batch 
cultivation has also been used for the production of citric acid (Saha et al., 1999; Sakurai 
and Imai, 1992; Sakurai et al., 2002; ul Haq et al., 2003) and lactic acid (Demirci et al., 
1998; Oh et al., 2003; Yin et al., 1998). Different organisms have also been studied 
under this method; among others, bacteria, fungi and yeasts, where high productivity 
has been the highlight of this method compared to other propagation methods (see 
Section 2.6.1 below).
2.6 .1  W h y U se R ep eated  B atch  C ultivation?
Although many factors need to be considered, one of the most important factors when 
studying the growth of a microorganism is the propagation method; batch, fed-batch,
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continuous and repeated batch and repeated fed-batch are all potential candidates.
The biggest shortcoming of batch cultivation is the accumulation of inhibitors due to 
the nature of its operation. Furthermore, the response to nutrient variation is not 
apparent immediately and cannot be easily observed due to the effect of by-products 
on the culture resulting in an overlapped response between nutrient starvation and 
metabolites production. However, this method is inexpensive, requires limited time 
and effort and can provide preliminary data on the metabolic activity of the cell line 
(Stavroulakis et al., 1991b).
During continuous and fed-batch cultivation, the substrate can be more easily con­
trolled compared to batch cultivation by dosification of the substrate. In addition, dur­
ing continuous cultivation, the withdrawal of medium during the fermentation, keeps 
the culture almost free from inhibitors accumulation. These methods are relatively 
expensive, time consuming and have a number of technical difficulties involved in their 
operation such as restriction of the dilution rate up to a critical value after which 
growth parameters are affected by inhibitors accumulation (Jong-Gubbels et al., 1996; 
McDonald et al., 1987; Tsai et al., 1992).
Repeated batch cultivation is presented as a solution where a compromise between 
ease of operation (batch cultivation) and decoupled kinetic information (fed-batch or 
continuous cultivation) exists. In addition, the complete conversion of substrate can 
be combined with the high productivity of batch cultivation (Yin et al., 1998). As 
a dynamic method for the understanding of microorganism growth, cultivation under 
repeated batch mode can reveal the kinetic relationship between synthesis, substrate 
consumption and metabolism of a particular strain. The concentration of key nutrients 
vary during the cultivation revealing kinetic information about the effect of theses 
changes upon culture behaviour (Stavroulakis et al., 1991b).
Furthermore, by manipulating the ratio and interval of the medium exchange (HF 
and DGT), the effect on the growth parameters can be observed (sensitivity analysis) 
showing the effects of metabolite accumulation or, in the opposite case, high levels 
of nutrients in the growing medium. In addition, cells can be allowed to grow in a 
particular part of the exponential phase or throughout the whole growth phase (Lin
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et al., 2001), e.g. in repeated batch suspension cultures of Bombyx mori or BM-5, 
Stavroulakis et al. (1991b) applied the dilution at the end of the exponential phase, 
when the stationary phase was just started, and achieved maximum nutrient utilisation 
and low inhibitor production.
Repeated batch has been compared with the traditional propagation methods such 
as batch cultivation. However, repeated batch cultivation has proven to yield greater 
productivity of ethanol (Watanabe et al., 1990), citric acid (ul Haq et al., 2003), L(+)- 
lactic acid (Yin et al., 1998), bacterial cellulose (Naritomi et al., 2002) and cellulolytic 
and x^lanolytic enzymes (Srinivasan et al., 2001), at the laboratory scale.
Prom the industrial point of view, the reduction of the overall cultivation time generates 
a lot of interest. The cultivation time of Penicillum griseoroseum to produce pectin 
lyase (PI) was considerably reduced by using repeated batch from 53 h to 23 h from the 
second batch onwards (Piccoli-Valle et al., 2001). The same phenomenon was observed 
in the production of (6 -galactosidase (from 6  days to 4.5 days) (Kawakatsu et al., 1993) 
and citric acid production (from 6-4 days to 2 days) (ul Haq et al., 2003). This time 
reduction may be due to less downtime spent on washing and sterilisation of the reactor 
as well as no seed preparation due to cell reuse (Lin et al., 2001; Naritomi et al., 2 0 0 2 ; 
Nishizawa et al., 1984; Piccoli-Valle et al., 2001; Stavroulakis et al., 1991b). Moreover, 
the effective inoculation volume increases due to cells left from the previous cycle, which 
in turn saves time and labour and hence contributing as well to increased productivity. 
The lag phase, typical of the start of batch cultivation when cells are adapting to the 
new medium conditions, tends to disappear or may not be apparent in repeated batch 
(Her et al., 2004; Sakurai et al., 2002).
Repeated batch has also contributed to the reduction of costs by manipulation of the 
medium composition (Demirci et al., 1998; Kinooka et al., 1994; Nagamori et al., 2001; 
Oh et al., 2003; Piccoli-Valle et al., 2001; Saha et al., 1999; ul Haq et al., 2003). In 
the cultivation of Enterococcus faecalis (Oh et al., 2003), yeast extract is the common 
nitrogen source used. In batch culture, yeast extract dosage and cell growth were 
proportional up to a yeast extract dosage of 30 g/1 and any higher value increased 
significantly the costs of the medium. Repeated batch cultivation with cell recycle
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reduced the yeast extract requirement by 26% compared to batch and maintained 
productivity without accumulation of lactic acid.
Repeated batch has also been compared with fed-batch cultivation. It has also been 
found to increase productivity (Kawakatsu et al., 1993) and give higher cell yield (Her 
et al., 2004). In fed-batch cultivation of Bifidobacterium longun, a strong inhibition 
of cell growth by lactic and acetic acid accumulation was found in the later stages 
of the cultivation (Her et al., 2004). This makes repeated batch more attractive for 
the cultivation of this bacteria. Another comparison was done with the production of 
vinegar from waste onions that could not meet the standards for commercial purposes 
(Horiuchi et al., 2000). Because the worthless onions are seasonal agricultural products, 
and the available quantity is limited, the authors suggested that repeated batch is 
more suitable rather that continuous culture in terms of its operability. Hence when 
using agricultural substrates for fermentation purposes, repeated batch may be the best 
choice.
In summary some of the advantages of repeated batch cultivation over batch, continuous 
and fed batch are:
•  downtime (sterilisation and washing of the bioreactor) and cultivation time are 
reduced,
• there is no need to prepare inoculum due to cells left in the reactor from the
previous cycle, and therefore the effective inoculum volume is increased,
• the typical batch lag phase is not evident,
•  the productivity of the process is greatly increased; and
• inhibitors are kept to low concentrations.
In the following sections, some of these poiiits are going to be described in more detailed 
to emphasize the particular characteristics of using repeated batch cultivation
2.6.1.1 Repeated Batch for the Enhancement of Productivity
With an inevitable depletion of the world’s energy supply, there has been an increas­
ing interest in alternative sources of energy. Within the renewable sources of energy
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available, biofuels are a potential solution for mitigating the greehouse effect and re­
duce the dependency on oil imports (Hamelincka and Faaij, 2006; Oferien et al., 2004; 
Rajagopalan et al., 2002). In particular, ethanol produced from biomass, can be used 
as an additive to gasoline enhancing the octane (Hamelincka and Faaij, 2006; Cferien 
et al., 2004) and lowering the risk of harm to environment and health (Agarwal, 2007).
Traditionally, ethanol has been produced in batch mode, as well as, fed-batch and con­
tinuous mode (Chandel et al., 2007). However, the low productivity and operability 
problems described previously, have led commercial operators to consider other fer­
mentation methods. Indeed, many studies have confirmed that recycling and reusing a 
fraction or all of the culture can contribute to increasing the performance of the process 
as well as the ethanol yield (Ikegami et al., 1998; Kawakatsu et al., 1993; Kida et al., 
1992, 1991, 1997; Nishizawa et al., 1984; Sakai et al., 2005; Watanabe et al., 1990) 
due to the growth associated nature of this producti.e. the more cells there are in the 
culture the more ethanol is produced.
Compared to batch cultivation, ethanol fermentation by repeated batch cultivation can 
yield 10 wt% higher ethanol content (Watanabe et al., 1990). Together with perfusion 
process, repeated batch processes using a flocculent yeast are widely recognised as a 
promising method for effective alcohol production for enhancement of productivity, due 
to the simple process configuration, easy cell recycle, stable operation (Horiuchi et al., 
2000) and rapid cell concentration (Davis et al., 2006). Factors like the high effective 
inoculum for the subsequent cycle, reduction of downtime (Nishizawa et al., 1984), 
reduction of cell exposure to metabolites (Kawakatsu et al., 1993; Sakai et al., 2005) 
make this method very attractive for industrial ethanol production.
2.6.1.2 Improving Growing Conditions
Repeated batch has also been used in order to reduce costs and find cheaper alternatives 
for the growth media. For example, lactic acid production by fermentation is more 
environmental friendly than the chemical method, however, the lactic acid bacteria 
require complex nutrient sources such as yeast and peptone which can represent more 
than 30% of the total production costs (Demirci et al., 1998; Oh et al., 2003). Therefore
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it is necessary to find new, low cost, nutrients for lactic acid fermentation.
As far as nitrogen sources are concerned, it has been proposed to use marine and 
animal by-products from which marine hydrolysates BAP5301 and 5300 were best but 
it is suggested that these hydrolysates could be further enhanced with cane molasses 
addition (Demirci et al., 1998). Oh et al. (2003) tested other nitrogen sources such as 
cereal-based nutrients and, although cell growth was low, the specific productivity was 
higher than from any other nutrient sources.
Despite this result, yeast extract was the most effective nitrogen source. As mentioned 
previously, high cell density promotes lactic acid production, hence this source was 
tested in this study showing that compared with batch production the addition of a 
maximum of 4 g/1 of yeast extract and 100 g/1 of glucose represents a reduction of 
about 74% of yeast extract dosage with stable long term production.
Growth rates and product yields in repeated batch have also been enhanced by modi­
fying the medium composition in the production of anthraquinone pigments (Kinooka 
et al., 1994). Different nitrogen sources (KNO3 and NH4 O3 ) and carbon sources (fruc­
tose, sucrose, fructose and glucose, and glucose only) were tested in batch cultivation 
and later tested in repeated batch where average production rates of the released pig­
ments were relatively high.
Reduction of operating costs by addition of medium additives in repeated batch cultures 
have also been investigated. For instance, the production of pectin lyase by Penicillum 
griseoroseum where the addition of sugar cane juice into minimal medium replaces yeast 
extract due to the peptic and nitrogen compounds that sugar cane contains (Piccoli- 
Valle et al., 2001). Citric acid yield w as enhanced by the addition of ethanol 
and CaCl2 together with recycle of medium which also reduced the cultivation time 
from 6  to 4 days (Saha et al., 1999; ul Haq et al., 2003). It is suggested that the 
presence of Ca++ ions helps in the easy excretion of citric acid from the Aspergillus 
niger cells. The negative effects of shear stress on embriogenic carrot callus cultures, 
such as suppression of growth rates, reduction of metabolite production or inhibition of 
organogenesis, have been lowered with viscous additives such as carboxymethyl cellulose 
or polyethylene glycol (Nagamori et al., 2001)..
2.6. Repeated Batch Cultivation 36
Various carbon materials have also been used to enhance the growth of microorganisms. 
It is believed that from the eight types of carbon materials tested by Ikegami et al. 
(1998), hard carbons with an appreciably high surface area acted as adsorbents of 
accumulated by-products contributing to reduce the lag phase by about one hour. This 
effect makes it possible to reuse the same medium for long periods of time without 
metabolite accumulation affecting the cell growth.
2.6.1.3 M etabolites Accumulation
One of the main problems that traditional propagation methods are faced with is ac­
cumulation of growth inhibitors which affects directly the product yield and the whole 
performance of the culture. In most fermentation processes that produce enzymes, this 
seems to be the case. However, it has been reported that the cultivation in repeated 
batches decreases the interference of metabolites produced by fungus Penicillum grise- 
oroseum over its cultivation in batches in pectin lyase production. Despite the benefit, 
this system could not be carried out indefinitely and enzyme production stopped after 
53-65 hr due to accumulation of ethanol and not because of cell non-viability. The ac­
cumulation of ethanol may have been avoided by selecting appropriately the operating 
parameters of DCT, HF or by varying the medium composition.
One of the main benefits of using repeated batch cultivation is that it is possible to 
restrict the inhibitor concentrations to low levels. In a kinetic study of the effect of 
acetate, formate, lactate and ethanol on the growth of Neocallimastix frontalis for the 
production of cellulolytic and xilanolytic enzymes, it was found that it was possible to 
control the effect of these inhibitors by removal and replacement of a fraction of the 
growing medium. By initially performing a series of batch cultures, it was possible to 
establish that the inhibitory concentration of these metabolites was around 50 mM. This 
concentration was used later to perform 6  stable batches in repeated batch mode under 
these conditions (Srinivasan et al., 2001). The same approach was used in cultures of 
Bifidobacterium to establish the kinetics of cell growth, nutrients uptake and metabolite 
accumulation against the oxidation-reduction potential (ORP). The increase in the 
ORP was related to the onset of lactic acid production as well as the exhaustion of
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glucose, marking the time for the harvest and medium replacement process (Her et al.,
2004).
The knowledge of metabolite kinetics in repeated batch cultivation contributes to the 
appropriate performance of the culture. In repeated batch cultivation of Acinetobacter 
radioresistens, it was shown how knowing the protease production profile helped in the 
enhancement of lipase production. Indeed, Lin et al. (2001) showed that the production 
of lipase was related to cell growth and production of protease and demonstrated that 
protease activity appears when cell growth and lipase activity stop; hence an inhibition 
of lipase production was observed due to protease activity.
In other cases, the use of metabolites that would normally inhibit cell growth can be 
used to cause the opposite effect. In the production of citric acid by repeated batch 
cultivation in a magnetic drum contactor, methanol and ethanol proved to enhance the 
product yield but the biofilm activity decreased due to accumulation of citric acid left 
in the medium (Saha et al., 1999; Sakurai and Imai, 1992).
As mentioned previously, the effect of metabolite accumulation can be minimised by the 
used of repeated batch fermentation, but operation parameters, such as DCT and HF, 
must be selected carefully. Stavroulakis et al. (1991b) studied the effect of ammonia 
and lactate as well as nutrient depletion on cell growth by varying HF in repeated batch 
cultivation of silkworm cells. Lactate is a by-product of the consumption of glucose 
through the metabolic conversion of pyruvate. Ammonia is produced through the Krebs 
cycle and both of them seem to exhibit inhibitory effects on cell activity in animal cell 
cultures. In the next section, the effect of varying important operating variables will 
be addressed showing the importance of establishing these parameters for the correct 
performance of this cultivation.
2.6 .2  C hoosing  D C T  and H F
As defined previously, the principle of repeated batch is to grow a culture as a batch for 
a determined period of time (DCT). After this time, a fraction of the culture (HF) is 
withdrawn and replaced with fresh medium; this process is then repeated. In general,
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the frequency at which dilution takes place is kept constant and repeated at regular 
intervals; different criteria are used to determine this point;
a. when a maximum inhibitor concentration is reached (Her et al., 2004; Srinivasan
et al., 2001; Stavroulakis et al., 1991b), or
b. the nitrogen or carbon source is exhausted (Her et al., 2004; Naritomi et al., 2002;
Oh et al., 2003; Piccoli-Valle et al., 2001; Sakurai and Imai, 1992; Yin et al.,
1998), or
c. a desired compound is synthesised (Kawakatsu et al., 1993; Sakurai et al., 2002;
ul Haq et al., 2003), or
d. a set parameter reaches the set point (Her et al., 2004), or
e. when the culture enters the stationary phase (Lin et al., 2004; Stavroulakis et al.,
1991b), or
f. the production rate is most efficient (Lin et al., 2001).
Determination of the appropriate HF and DCT is critical when operating a repeated 
batch cultivation. Choosing these parameters determines the stage at which the cultiva­
tion will be performed, i.e. cells can be allowed to grow in some part of the exponential 
phase (semi-continuous culture) or throughout the whole phase (repeated batch cul­
ture) (Lin et al., 2001), and how much of the preceding culture will be left to serve as 
seed for the subsequent cycle.
Although determination of the above parameters is critical, varying them by a con­
trolled feeding policy also produces interesting results. Stavroulakis et al. (1991b) 
applied three different policies to the uncharacterised growth of silkworm cells (Bombix 
mori or BM-5) which made it possible to obtain a clearer picture of the relationships be­
tween cell concentration, nutrient depletion and inhibitors accumulation (Stavroulakis 
et al., 1991b).
The cells were forced to respond to the conditions establishing the optimum growth 
requirements of the culture. The expected culture response to different HF and cell
2.6. Repeated Batch Cultivation 39
growth is presented in Figure 7.7. At high dilution rates, the nutrients concentration 
should remain high and metabolites concentration low, hence revealing the cell growth 
characteristics. At low volume dilutions, accumulation of inhibitors is induced with 
substrate depletion revealing the effects of inhibitors the cell growth. From the results 
of this work, it was concluded that, for the Bombix mori cells, applying a dilution 
at the end of the exponential phase, when cells were entering the stationary phase, a 
maximum nutrient utilization and low inhibitor production was achieved.
Once the optimum growth parameters have been determined, they must be kept con­
stant achieving, in theory, a successful and reproducible growth during each resuspen­
sion. Incorrect selection may result in significant variation from cycle to cycle in the 
final cell concentration, or productivity, or both, affecting the performance of the cul­
ture. These phenomena have been observed in some systems with different organisms 
(Faraday et al., 1994; Fotuhi, 2002; Nishizawa et al., 1984; Seewoster and Lehmann, 
1997; Stavroulakis et al., 1991b). Results obtained in these experiments all confirmed 
that incorrect selection of either HF or .DCT can cause variation in the performance 
of the culture which creates a disadvantage for this type of propagation method. Fur­
thermore, sudden decrease and catastrophic failure to grow in cell cultures of S. pombe 
have been observed experimentally (Fotuhi, 2002).
2.6.2.1 Effect o f Variation o f HF
It has been reported that manipulation of HF maintaining all the other parameters 
constant has a  direct effect on the final cell concentration and viability. Data from 
repeated batch simulation (Faraday et al., 1994) and from laboratory experiments (Fo­
tuhi, 2002; Stavroulakis et al., 1991b), exhibit two trends when the HF was increased 
or decreased.
In simulations performed with hybridoma cells and a constant DCT of 45 h, the increase 
of HF from 70% to up to 90% was studied. It was observed that an increase of HF to 
85% resulted in washout of cells in 10 cycles and in 5 cycles for 90%; many cells were 
removed and too few left in the reactor and as consequence the cell population growth 
rate could not compensate for the cells harvested (Faraday et al., 1994). The same
2.6. Repeated Batch Cultivation 40
phenomenon was observed experimentally in the production of bacterial cellulose when 
a HF of 90% resulted in the highest production rate (Naritomi et al., 2002). However, 
increasing the HF to 95-99% prolonged the culture time, probably due to the fact that 
cells did not acquire sufficient energy from fructose at HF larger than 90%.
In the hybridoma cells simulations, when the HF of the simulated hybridoma culture 
is reduced to 77.5%, the performance of the culture improved dramatically showing a 
consistent increase in the cell viability and product concentration whilst the residual 
carbon source concentration (glutamine) falls and was completely depleted. Further­
more, the final cell concentration remains constant for the whole cultivation.
In the other case, decreasing the HF of the culture may introduce variability to the 
cell response. When HF in the hybridoma culture was reduced to 75% a very variable 
response was obtained and at 70% the viability and cell growth dropped with no ap­
parent recovery. When the HF of the bacterial cellulose culture was reduced to 70 and 
80% the lowest production rate was obtained (Naritomi et al., 2002) due to the large 
increase in the C(>2 -
The effect of inhibitor accumulation due to reduction of HF was also observed in the 
growth of BM-5. Reducing HF from 50% to 30% and 15% produced a high concen­
tration of lactate compared to the 50% HF. It was also observed that glutamine was 
consumed much faster at the last two HF making it evident that glutamine was the 
limiting nutrient and that lactate had an inhibitory effect.
Similar behaviour was observed in repeated batches with S. pombe (Fotuhi, 2002). An 
automatic sampling, feeding and monitoring system designed specifically for growing 
the fission yeast was employed to ensure that the cell culture was resuspended at con­
stant DCT and HF conditions over 20 batch cycles. In this system, during the first four 
batches of the 90% HF, the final cell concentration increased consistently exhibiting 
small variability in the cell concentration. However, when the HF was decreased from 
90% to 80% with a constant DCT of 18 hr, a higher variation in the final cell concen­
tration was obtained (11% at HF of 80% compared to 6 % at HF of 90%) resulting in 
a better combination than with 80%.
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2.6.2.2 Effect o f Variation o f DCT
The time at which dilution is performed also affects greatly the behaviour of the cell 
culture. The simulations carried out on hybridoma cells considered also showed the 
effect of the DCT and when diluting every 45 hr and harvesting 80% of the culture, no 
variability is evident. The cell concentration, and hence the viability, exhibited a very 
stable response although low product concentration and some wasted glutamine was 
found.
Delaying the resuspension to 52 hr resulted in a variable response and after the first 
cycle the final cell concentration and viability falls with an increased fluctuation of 
viable cells between 80 to 88%. No residual glutamine was found which is evidence 
that the carbon source has become growth limiting. Furthermore, with a DCT of 53 
hr, the cell culture becomes extremely variable; the final cell concentration and viability 
drops to about 70%. In this case, it takes the culture 5 cycles to increase to the final 
cell concentration but the response continued to be variable.
When the DCT was increased in cultures of Chinese hamster ovary (CHO) cells, a 
similar phenomenon was obtained (Seewoster and Lehmann, 1997) to the one observed 
at large dilutions in the production of bacterial cellulose, i.e. a long lag phase that 
reduced the cell growth rate. Seewoster and Lehmann (1997) performed six batches; 
three with dilution during the stationary phase at different times and three more during 
the exponential phase. The results of the cultivation are shown in Figure 7.8. It can be 
seen from these results that the longer the stationary phase is in the preceding cycle, 
the longer is the lag phase in the subsequent cycle.
In the experimental study carried out by Fotuhi (2002) with S. pombe, an increase in 
the DCT from 12 hr to 18 hr with constant HF (80%), resulted in a decreased of the 
final cell concentration variability from 38% to 19%. In addition, it was observed that, 
by increasing the DCT, the culture made more use of the nutrient available; the glucose 
consumption increased from 74% at DCT =  12 hr to 88.4% at DCT =  18 hr at constant 
HF (80%).
It has been highlighted that incorrect selection of the operational parameters of HF 
and DCT have a great influence in the performance of the culture. The variation of
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culture response has been attributed to nutrient limitation in the case of large dilution 
(Stavroulakis et al., 1991b) or long DCT (Seewoster and Lehmann, 1997). In the 
opposite case, where small dilution is applied to the cell culture, the accumulation 
of metabolites may inhibit the cell growth (Naritomi et al., 2002; Stavroulakis et al., 
1991b).
However, the cause of these variation may be a little more complex; the cell age dis­
tribution at the end of each cycle may be highly significant (Faraday et al., 1994). In 
the simulated hybridoma cell culture, an analysis of the cell age distribution revealed 
that the more spread the ages were, the more successful the growth in the subsequent 
cycle. If cells grow too fast and the nutrients are consumed completely, the cells start to 
accumulate at the checkpoint in Gi and if the resuspension does not take place (DCT 
extended) this arrest is extended and cells eventually die. This results in a poor ini­
tial age distribution for the subsequent cycle and the yield and viability of the culture 
drops. If in addition, the HF is not correctly tuned, the problem is exacerbated due to 
a too large or too small inoculum.
In addtion, when the resuspension of CHO cell culture was performed at any point in 
the stationary phase, a long lag phase resulted for the subsequent cycle and a peak in 
the most common cell size was observed (Seewoster and Lehmann, 1997). This was 
explained by two factors; the first one was the osmolarity; it has been reported than 
in many cases that hyper- or hypo-osmotic stress can induce cells to swell or shrink 
immediately after the stress is given. However, this factor was discarded because it has 
been shown that the effect of this stress will be compensated within a few minutes by 
an enhanced amino acid transport into the cytosol (Haussinger and Lang, 1991)
The second factor was a shift on the average cell size which occurred late in the lag 
phase where the osmolarity was negligible only lasted until the onset of the exponential 
phase. This was attributed to synchronisation of the cell culture. It is suggested 
that only synchronised cell populations show short-term and sharp changes in the cell 
diameter (cell volume). This phenomenon was seen in batches 1, 3, 4 and 5. In the 
other batches, when cells were diluted during the exponential phase, no lag phase was 
observed and only a small increase in the most frequent cell diameter was observed.
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In a perfectly synchronised culture, all the cells are the same age and the population 
behaves as an individual cell. Cell growth is observed as consecutive steps up increments 
in the cell concentration up to when synchrony is lost. Synchronous cultures represent 
a very useful tool to study the controls which govern the progress of the mitotic cycle of 
eukaryotic cells. However, synchronised or partially synchronised cultures exhibited by 
repeated batch cultures are the result of a poor age distribution in the culture caused 
by operating parameters not being properly tuned (Faraday et al., 1994). Cell cultures 
that have been left for too long without nutrients may stop proliferating, entering into 
Go or a pre-meiotic phase, showing a much longer lag phase in the subsequent cycle. 
In this case, cells are held up in the checkpoints of the cycle depending on the nutrient 
that has been depleted. Furthermore, if this arrest is long enough cells will enter the 
quiescent stage where the metabolism decreases to a minimum to ensure that energy is 
preserved until more nutrients are provided. When the reserves of energy are completely 
exhausted, the stationary phase ends and the death phase starts. If the number of cells 
in the death phase is significant, variability of the final cell concentration is observed 
in experiments with repeated batch cultivation.
2.7 Concluding Comments
A review of the literature in two specific fields has been presented in this chapter: the 
yeast cell cycle and propagation methods. It is well known that S. cerevisiae and S. 
pombe have contributed eno rmously in the understanding of the underlying processes 
of the cell cycle. S. pombe has been specifically used in the studies of regulatory 
mechanisms that allow cells to progress round the cell cycle; cells may be arrested 
at checkpoints between Gi and S phase and betweeen G2 and M phase. In addition 
to these checkpoints, cells are able to leave the cell cycle into a quiescent phase, or 
Go, if environmental conditions become critical. The precise definition of this phase is 
contentious and many interpretations have been given to the condition of the cells when 
leaving the cell cycle as an emergency response to adverse environmental conditions.
For many years, traditional propagation methods haven been used in industrial and 
laboratory scale. However, significant advantages have been reported in recent years
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when using improved methods for cultivation of cells, such as enhanced productivities 
and yield. One of these improved methods is repeated batch and this is the focus of 
this research study. The following chapters present the results of using repeated batch 
cultivation on the fission yeast S. pombe and the implications that the findings may 
have in the further enhancement of this particular propagation method.
Chapter 3
Materials, Methods and 
Equipment
3.1 Introduction
The overall aim of this study is to verify the variations in cell concentration reported 
in the literature when employing repeated batch cultivation and to find experimental 
evidence of cell cycle related problems when cultivating S. pombe in repeated batch.
Repeated batch cultures of S. pombe were carried out at constant operating conditions in 
a 2.7 dm3 reactor. Two samples were taken from each cycle; one before and another one 
after medium exchange and were analysed for cell number and glucose concentration. 
For cell number, a Neubauer Haemocytometer and a Coulter Counter Z2 series were 
used. Glucose analysis was performed by a UV method analysis kit and a Lambda 
Spectrophotometer.
The process of withdrawing the medium, replacing it with fresh medium, taking sam­
ples, controlling and keeping the operating parameters constant was done by the au­
tomatic sampling, feeding and monitoring (ASFM) system developed by Fotuhi (2002) 
and extensively modified for use in this project.
In this chapter, the materials used will be described first. This is followed by an expla­
nation of the experimental methods applied for every experiment and the equipment 
used in these methods. The ASFM system and the modifications done during this
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project will be then detailed and finally the operation of the integral equipment will be 
described.
3.2 M aterials
3.2 .1  O rganism
The fission yeast Schizosaccharomyces pombe NCYC 132 Lindner was used in all cul­
tures. This organism was obtained from the National Collection of Yeast Cultures 
(NCYC). Two independent batches of the same strain were used and stocks were kept 
in glycerol (50% by volume) at — 20 °C in a sterilised 20 ml glass bottle. To prepare 
these stock cell cultures refer to Section 3.3.3.
3.2 .2  G row th  M ed ium
The reactor and shake flask cultures were grown in Edinburgh Minimal Medium (EMM3m) 
which was developed specifically for the growth of S. pombe by Mitchison (1970) and 
its composition is shown in Table 9.2. The medium preparation for reactor and shake 
flasks is explained in Appendix A.
Stock solutions were made by using the volumes shown in the second column of Table 
9.2. The third column lists the volumes used to make up 1 dm3 of complete medium 
ready for use. The salts, nitrogen base, vitamins and minerals (Mix 1) were prepared 
and mixed separately from the glucose. The latter can caramelise when autoclaved 
together with the rest of the components. In Table 9.2, all chemicals were supplied 
by Fisher Scientific UK, except for potassium phthalate that was supplied by Sigma- 
Aldrich Co.
3.3 Analytical and Experim ental M ethods
In this section the methods used for preparing the shake flasks cultures for stock or 
cultivation in the bioreactor will be explained as well as the methods used for analysing 
the samples taken during reactor operation.
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3.3 .1  S terilisa tion
Sterilisation was performed by an autoclave model AAA091 (Astell Scientific). Free 
steam filled the autoclave for 15 minutes after which the temperature and pressure 
increased up to 121 °C and 1.2 bar respectively for 15 minutes.
3 .3 .2  Shake W ater B a th
A shake water bath (Mickle Lab Engineering Ltd) was used to incubate the cell cultures 
at 6 strokes per min and 30 °C for a total of 96 hours.
3.3 .3  S tarter C ell C ultures
Any one experiment performed used the starter cultures as seed for a series of batches. 
These cultures used the same medium composition as the bioreactor (Appendix A for 
shake flask medium preparation) and were produced by transferring 5 ml of cells stored 
in glycerol at —20 °C to two shake flasks containing sterile medium. The flasks were 
then incubated and the first passage was obtained.
A second passage was performed by transferring 5 ml from the first passage to two 
new sterile shake flasks to be incubated for further 48 hours. This double transfer was 
designed to promote the selection of strongly viable cells that would be able to survive 
the environmental changes when being transferred to the bioreactor. After the second 
passage was completed (96 hours in total in the shake water bath) 10 ml of culture 
from each shake flask became the seed for the bioreactor.
The same procedure of double passage was used to make Stock cell cultures. However, 
the first passage was initiated by flaming a loop and taking some of the cell culture 
obtained from NCYC to be introduced in sterilised fashion in a shake flask containing 
100 ml of EMM3m. After the end of the second passage, 10 ml of the culture was added 
to a sterilised bottle containing 10 ml of glycerol, mixed by shaking and kept at —20 
°C.
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3 .3 .4  H aem ocytom eter
Cells were counted manually using a Neubauer Haemocytometer which is a specialised 
microscope slide on which two separate grids have been engraved 0.1 mm lower than 
the rest of the slide. The central part of the grid comprises 25 squares each of which 
has an area of 1/25 mm2. These squares are further subdivided into 16 smaller squares 
with an area of 1/400 mm2. To count the cells, a coverslip was placed over the en­
graved region producing a chamber of 0.1 mm3. 10/zl of cell suspension were added to 
the chamber that was completely filled by capillary action. The haemocytometer was 
then placed under a microscope (Model 300108, Optech Scientific Instruments) and all 
cells lying within five chosen squares (of the 25 larger squares) were counted without 
discrimination in size, including cells touching or overlapping in the left and top sides of 
the grid. A detailed diagram of the Neubauer Haemocytometer is presented in Figure 
7.9.
To obtain enough accuracy, 50-100 cells need to be counted or a cell density of 105 cells 
per ml. This meant diluting the samples when necessary. A detailed calculation of cell 
number per ml can be seen in Appendix B.
When cells became aggregated an ultrasonic bath (XB series, Grant Instruments Ltd) 
was used to separate cells from each other. Constant intervals of time for sonication were 
obtained experimentally and sonication stopped when cells looked separated enough to 
be counted under the microscope (from 1 minute to up to 15 minutes with intervals 
of 1 minute for dense cell samples). To improve separation, Nonidet P-40 (Fisher 
Chemicals) was added prior to sonication. Various combinations of these two methods 
(sonication and use of Nonidet) were also used. The volume of Nonidet added varied 
between 30 pi and 1 ml.
3.3 .5  D -g lu cose  A nalysis
The original D-glucose determination test by Trinder analysis used previously by Fotuhi 
(2002) was discontinued by the manufacturer. Instead, D-glucose concentration-was 
measured using an UV-analysis kit (R-Biopharm Laboratories) and it absorbance was
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determined using a Lambda 2 spectrophotometer (Perkin Elmer). A glucose calibration 
curve was obtained by preparing a series of dilution between 0.15 g/1 and 1 g/1 of glucose 
applying the same procedure as that of the cell samples (See Appendix C)
For determination of D-glucose in fermentation samples and cell culture, media needed 
to go through a preparation stage before the glucose was actually determined which 
included holding in a water bath at 80 °C for 15 minutes, centrifugation, clarification, 
pH adjustment and filtration. This was to remove the proteins that might interfere 
with the rest of the analysis.
Once this process was carried out, 1 ml of the buffer solution was added to 0.1 ml of 
sample in a cuvette. After 3 minutes, 20/d of enzyme hexokinase was added to the 
cuvette solution (this was done in duplicate). This enzyme promoted the formation of 
NADPH. The amount produced of NADPH was stoichiometric to the amount of D- 
glucose and the increase in the NADPH was measured by means of its light absorbance 
at 365 nm. After 15 minutes of incubation, the cuvette containing the prepared sam­
ple was put in the spectrophotometer and its absorbance was measured. This value 
was compared against the calibration curve and the value of glucose concentration 
was recorded. For more detailed description on glucose calibration curve and sample 
preparation see Appendix C.
3.4 Equipment
3.4 .1  B ioreactor
A 2.7 dm3 glass vessel reactor (LH engineering) with a working volume of 2 dm3 was 
used for all repeated batch cultivations. Inside the reactor and attached to a stainless 
steel top lid, four baffles and multiple radial-flow impeller were used for agitation. The 
impeller consisted of two flat-blade agitators with six blades that were attached to a 
single drive shaft. Through the top lid ports the following items were fitted: probes for 
detection of temperature and pH, inlets and outlets for air, fresh medium, alkali for pH 
control (NaOH 2N), sample, harvest medium, off-gases, sensors for controlling the level
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of the culture (lower and higher level) and a port for frequent sampling. A schematic 
of the bioreactor components is shown in Figure 7.10.
3.4.1.1 System  M odifications
Although Fotuhi (2002) built the repeated batch system and all its components, ex­
tensive modifications were done on the rig for use in this project and comprised the 
following:
• The old fermentor equipment was completely discarded. The new set up is shown 
in Figure 7.11.
• The new reactor vessel is a 4-baffled glass tank with a volume of 2.7 dm3. The top 
lid is made of stainless steel holding the level sensors, cooling finger, inlet /outlet 
pipe, sampling pipe, temperature and pH sensors and agitator.
• Top agitation is performed by two radial-flow impellers attached to a single drive 
shaft.
•  The speed of the impeller is controlled by a motor controller (Applikon Motor- 
controller ADI 1012).
• The heating is done by an exterior heating mat which covers the bottom of the 
reactor instead of a hot finger immersed in the medium that had to be switched 
off when emptying the reactor to avoid damaging it.
• The air flow rate is adjusted manually by a rotameter. A compressor running at 
a constant speed provides the air. The flow rate was measured between 400 and 
500 ml/min.
• The level sensors that control the harvest fraction are activated by the conduc­
tivity of the culture in the reactor and not by time as was done previously.
A more detailed description of the actual bioreactor and its components can be found 
in Appendix D
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3.4 .2  M ed iu m  T ransport S ystem
Medium (fresh and harvested) and sample streams (Figure 7.12) were transported 
around the system through silicone rubber tubing by two peristaltic pumps, P I and P2 
(Watson Marlow). P I transported the harvested medium out of the reactor and into 
the kill tank, as well as pumping fresh medium to the reactor to replenish the fraction 
withdrawn. P2 was used to wash out the media that was left in the sampling line from 
the previous process. This stream was directed to the wash out tank. This pump was 
also used to transport the samples to the sample bottle.
Two three-way direct-acting solenoid valves, SV1 and SV2 (RS Products), were used 
to redirect the medium flow in and out of the reactor. SV1, when deactivated, allowed 
the transport of harvested medium out of the reactor and into the kill tank and when 
activated the fresh medium was pumped into the reactor. In a similar way, when SV2 
was deactivated, this allowed the sample line to be flashed out to the wash out tank, 
but, when SV2 was activated samples were sent to the automated sample collector. 
Samples were collected into a sterile plastic bottle and kept in a refrigerator at —4 °C.
3.4 .3  C ontrol and M onitorin g  S y stem
Online control and monitoring of pH and temperature was carried out using a BioSolo 
2 Controller and BioLab computer program, both from Brighton Systems Pic. The 
computer software was developed for monitoring the bioreactor online and allowed 
many combinations of parameters to be recorder. However, only temperature and pH 
were controlled and monitored in this study. Temperature was controlled at a set point 
of 30 °C using a PID controller (Anglicon, model 351328). pH was controlled at 5.6 
with a proportional controller (Anglicon, Solo2).
The speed of the agitator was set manually by a motor controller at 200 RPM (Aplikon 
Motor controller ADI 1012). The air flow rate was set between 400 and 500 ml/min 
using a rotameter with a scale of 0-600 ml/min. An automated system developed 
originally by Fotuhi (2002) was used for the feeding, sampling and monitoring (ASFM) 
of the cultivation and resuspension process for each cycle. The components of the 
ASFM will be explained in the following section.
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3 .4 .4  T h e A u to m a tic  Sam pling Feeding and M onitorin g  S y stem  (A SF M ) 
C om pon en ts
This system, built originally by Fotuhi (2002), allowed the use of any value of dilution 
cycle time up to 100 hours and any value of harvest fraction. This system comprises 
two components: the automatic feeding unit and the automatic sampling unit.
3.4.4.1 A utom atic Feeding Unit
This unit controls the mechanism for harvesting the culture and replenishing the same 
volume with fresh medium as well as the volume to be harvested. This operation was 
controlled by two timers; Timer 1 and Timer 2 (Figure 7.13).
The programmable timer, Timer 1 was a non-digital preamble timer that was in charge 
of the process of harvesting and replacing the medium withdrawn. This process is 
carried out by:
•  disconnecting the bioreactor heating system before harvesting,
• switching on and off the pump P I during medium exchange,
• energising the three-way solenoid valve SV1, and,
• reversing the pump direction for replenishing the fresh medium.
The programmable timer, Timer 2 was a digital timer with two set points heating 
period (8 minutes) and total working time of P I (12.23 minutes) and was in charge of:
• maintaining the heating system on during each cycle,
•  keeping Timer 3 on in order to take the samples at the end and beginning of each 
batch,
• energising Timer 1 for medium replacement and switch off after finishing replace­
ment, and,
• activating the level controller system.
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3.4.4.2 A utom atic Sampling Unit
This unit was designed to take samples automatically at the end and beginning of each 
resuspension. The duration of each dilution cycle time (DCT) and sampling collecting 
times were set up in the digital programmable Timer 3 (See Figure 7.13). Two set 
points were set in this timer: DCT duration and the whole sampling process time 
(27.30 minutes). The process Of taking samples included:
• setting the DCT for each batch,
•  deactivating the clock of Timer 2,
• energising pump P2 at the end and beginning of each batch,
•  energising the 3-way solenoid valve SV2,
•  activating and deactivate disk sample collector where sample bottles were kept, 
and,
• energising Timer 2 for HF replacement.
3.5 Operation o f the R epeated Batch System
3.5.1 B ioreactor and In itia l C ulture
The reactor, all the silicone rubber tubing, the solenoid valves, the air filters and the 
medium containers were autoclaved. After autoclaving, the 2.7 dm3 reactor was filled
with 2 dm3 of EMM3m, aseptically transferred to the reactor. The reactor medium
preparation is shown in Appendix A.
Before transferring the cells, the temperature in the reactor was allowed to attain the 
set point on the controller (30 °C) after which 10 ml of harvest from the second passage 
of each of the two shake flasks were transferred to the reactor through the inoculation 
port using a small peristaltic pump, adding a total volume of 20 ml of inoculum to the 
2 dm3 of medium. This resulted in approximately lxlO6 cell/ml.
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The pH control was activated only after cells were transferred to the reactor. This was 
because it was observed that pH adjustment of only-medium resulted in precipitation. 
Once the reactor was inoculated, the first batch started. The reactor was then operated 
as a batch for the duration of the DCT. During this time, pH and temperature were 
kept constant by the BioSolo controller. Once the DCT was completed, the ASFM was 
activated and the process of sampling, and medium harvest and refilling started. This 
process will be explained in the following section. For the duration of the experiment 
and for all the experiments performed, the DCT and HF were kept constant.
3.5 .2  T h e A SF M  Integrated .
All the components of this system were explained previously in Section 3.4.4. After the 
predetermined cycle time (DCT) where the reactor was operated as a batch system, 
the ASFM system was activated and a sample taken (sample a). A determined frac­
tion of culture was discharged to the kill tank and fresh medium replaced the volume 
withdrawn and another sample was taken (sample 6). Additionally, frequent sampling 
was taken manually at intervals of half an hour, or every hour for the duration of one 
batch.
On Table 9.3, the ASFM system is explained in a sequential fashion. As mentioned 
previously, Timer 3 and Timer 2 were programmed with two set points each. Timer 
3 is first activated and in charge of the duration of DCT; 1st set point. Once this set 
point is reached the sample taking and medium exchange period starts for a determined 
period; 2nd set point. During the latter time a number of processes took place, the 
first one being the activation of Timer 2. On ; table § 3  l , the activation 
of Timer 2 and subsequent processes have been designated as sub-processes of Timer 
3 using letters (a,b,c,d). Further, any sub-sub-processes are referred to using roman 
numerals. For example, the event 2a(iii) mean that during the activation time of Timer 
3 (2) and by control of Timer 2 (a) the sub-process in  (P2 was activated) took place 
for 1.30 min.
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3.6 Concluding Comments
In this chapter, all the equipment and experimental methods applied to every experi­
ment have been described together with the analytical methods used. This was followed 
by a detailed list of the extensive modifications that were carried in the existing equip­
ment. The ASFM system operation has been described; this includes the automatic 
feed and sampling unit, the medium transport system and the control and monitor­
ing systems. In the following chapters, the results and findings obtained by using the 
materials, methods and equipment described in this chapter will be presented in detail 
followed by the discussion and implications of these findings.
Chapter 4
Results of Repeated Batch 
Cultivation Experiments
4.1 Introduction
In Chapter 2, the different propagation methods, conventional and modern, for the 
cultivation of yeast have been outlined. The advantages that repeated batch cultivation 
exhibits compared to those of the conventional processes such as batch or continuous 
production are clear. These advantages not only include increase in the product yield 
as well as biomass produced, but also enhancement of the process performance by 
reduction in the down-time. However, the reports by many authors, that the variability 
of the final product and cell concentration from cycle to cycle which leads to sudden 
decrease or catastrophic failure to grow (Faraday et al., 1994; Fotuhi, 2002; Stavroulakis 
et al., 1991b), has limited the use of this propagation method.
The main objective of this chapter is to present the results obtained when Schizosac- 
charomyces pombe is cultivated in repeated batch according to the conditions described 
in Chapter 3. Six experiments were carried out at a harvest fraction (HF) of 0.8 and 
a dilution cycle time (DCT) of 12 hours. These parameters were kept constant during 
all the experiments.
Firstly in this chapter, a summary of the experimental outline is presented, followed 
by the parameter definitions and the statistics of the results obtained. The following 
four sections include the following parameters:
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• the cell and glucose concentration,
• the true harvest fraction calculated by weight of culture harvested and the harvest 
fraction calculated from cell concentration and glucose concentration,
• the temperature and pH values, and,
• the cell and glucose concentration from the frequent sampling between cycles.
4.2 Summary of Experim ents
Six repeated batch cultivations, denominated EXP1, EXP2...EXP6, were performed 
in a 2 dm3 bioreactor as described previously in Chapter 3. The results of these 
experiments are presented in Figures 8.1 to 8.35. The raw data are included in the 
cd-rom attached to this disseration.
These experiments were conducted at constant DCT and HF of 12 hrs and 0.8 re­
spectively. In all experiments, the temperature was monitored and controlled at 30°C. 
However, in three cultivations the pH was controlled at 5.6 and the other three experi­
ments were carried out with uncontrolled pH (EXP1, 2 and 3). Samples were taken at 
the beginning and end of each cycle, i.e. prior to harvest (sample b) and immediately . 
after dilution (sample a) and are shown as point values on the diagrams. Frequent sam­
pling was also done during some resuspensions at regular intervals of either an hour 
(EXP1 and EXP2) or half an hour (EXP3-EXP6).
Although the operating conditions at which the experiments were carried out are the 
same (i.e. temperature, pH etc), the number of cycles and the cycles at which frequent 
sampling was performed varied. Table 9.4 includes information about the initial condi­
tions of each experiment, the number of cycles carried out in each experiment as well 
as the cycles and the frequency at which the frequent sampling was performed. Finally, 
information about the pH control over the cycles is included.
The results from the six experiments carried out have been grouped in three categories 
according to the variability in the cell concentration; preliminary experiments (EXP1
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and EXP2), experiments with relatively constant response (EXP3 and EXP6) and 
experiments with variable response (EXP4 and EXP5).
For all the experiments, an initial period in the cultivation was observed where the 
cycles included in this period exhibit a steady increase in the initial and final cell 
concentration. This period is characterised by small cell numbers, however the glucose 
consumption does not seem to be limiting and the total glucose consumption is not 
large. A steady increase in the final cell concentration can be observed in the majority 
of the experiments.
4.3 Study Definitions
Although the primary method to control the HF is by volume of culture harvested, 
defined as the true HF, the HF was also checked indirectly from the cell and glucose 
concentration data. The true HF is calculated from the volume of culture harvested 
from the reactor (the volume of the samples, medium exchange as well as the volume 
of culture used to flash out the sample line) over the total volume. However, assuming 
that the density of the culture is constant, the weight of the culture was measured and 
the true HF is calculated as:
HFw,n =  f p S L )  (4.1)
\wtotal /
where WOTt is the weight of the culture harvested from the bioreactor, and W total is 
the total weight of the culture before removal.
The HF was calculated from the cell concentrations as follows:
HFx ,n = (4.2)
where Xtjn+i (cells/ml) is the initial cell concentration at the beginning of the (n-\-l)th 
cycle, i.e. after replenishment with fresh medium. X /?n (cells/ml) is the final cell 
concentration at the end of the nth cycle.
The HF was calculated from the glucose concentrations as follows:
HFs,n =  1 -  ( Si’£ l  M  (4.3)
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where Si,n+i (g/1) is the initial glucose concentration at the beginning of the (n+ l)th 
cycle, i.e. after replenishment with fresh medium. Sf >n (g/1) is the final glucose concen­
tration at the end of nth cycle and Si (g/1) is the glucose concentration of the feed. This 
value is also the glucose concentration at the start of the first cycle of the experiment.
The increase in cell concentration, A Xn (cells/ml) was calculated as the difference of 
cell concentration at the end and beginning of the nth cycle. The glucose consumed, A 
Sn (g/1), was calculated as the difference of glucose concentration at the beginning and 
end of the nth cycle n. The yield of cells from glucose consumed, YX/Si was calculated 
as follows:
where the parameters are the same as above.
4.4 Statistical Calculations
The standard deviation (cr), the standard error or standard deviation of the mean (SE) 
and the percentage of the standard error (SE%) have been calculated for the initial 
and final cell concentration of each cycle as well as for the cell concentration for each 
point taken when sampling frequently. The sampling is done once, however, the process 
of counting of cells is done four times and each cell concentration is quoted as: mean 
(cells/ml) ±SE% (Taylor, 1997).
The standard deviation, the standard error and the percentage have been calculated 
for the initial and final glucose concentration of each cycle as well as for the cell con­
centration for each point taken when sampling frequently. The sampling is done once, 
however, the process of glucose analysis is done in duplicate and each glucose concen­
tration is quoted as: mean (g/1) ±SE%. In the case of EXP1, the normalised glucose 
concentration relative to the concentration in the first cycle, S;v, is quoted as Sjv±AU% 
where AU corresponds to the absolute uncertainty associated with the propagated er­
rors.
For the derived parameters (DP); i.e. harvest fraction and mean concentration (cell 
and glucose), mean temperature and pH, cell number produced (AX<y) and glucose
x / s  —
| - i  X f,n (4.4)
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consumed (ASc), the absolute uncertainty (AU) and its percentage (AU%) have been 
calculated (Taylor, 1997). In addition, the standard deviation of all the derived data 
is also calculated. These parameters are quoted as: DP±AU% (<j ). The standard 
deviation is calculated in Matlab (R2006b, The Mathworks Inc., www.mathworks.com). 
The calculation of the rest of the values is presented in Appendix E.
4.5 Cell Concentration and Glucose Consumed
4.5 .1  P relim in ary  E xp erim en ts, E X P 1 and E X P 2.
Figure 8.1, 8.2 and 8.8 present the cell and glucose concentration for EXP1 and 2, 
Table 9.5 summarises the data obtained (no glucose data were available for EXP2). 
A variable response to the conditions of the culture was observed in this figure and 
as a consequence, the results were divided into three groups of results; the first group 
comprised the initial transient, assumed to be cycle 1-5, the second group comprised 
cycles 6 to 14, and the last group comprised cycles 15 to 23.
The experiment started with a cell concentration of 9.6xl05 cells/ml ±11.8% and almost 
2.4xl06 cells/ml ±9.0% were produced during the first cycle. During the initial tran­
sient, the monotonic growth in the cell concentration reached a maximum of 7.5xl07 
cell/ml ±4.2% in cycle 5. At the end of the 4th cycle, 3.9xl07 cells/ml ±10.6% were 
produced and almost 74.8% ±0.1% of the glucose was consumed1.
After the maximum reached at the end of the transient period, the second group of cy­
cles (6-14), started with a slight decrease in the final cell concentration reaching 5.9xl07 
cell/ml ±2.2% (cycle 6). The mean initial and final cell concentration remained approx­
imately constant throughout the eight cycles at 2.6xl07 cells/ml ±3.3% (cr =  l.OxlO7 
cells/ml) and 6.3xl07 cells/ml ±1.9% (cr — 1.5xl07 cell/ml) respectively2. However, it 
was noticeable at the large initial cell number compared to that of the the rest of the 
cycles in this group. As a result, few cells were produced (8.8xl06 cells/ml ±  57.0%). 
A steady consumption of glucose was exhibited during these group of cycles (6-14).
*No initial cell concentration and glucose data were available for cycle 5
2No final cell concentration data were available for cycle 13 and 16.
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During this time, 77.1% ±1.1% of the initial glucose was consumed (cr =  1.9%), with 
the largest consumption at cycle 7 (almost 80% ±3.3%) and the lowest at cycle 8 (73% 
±1.9%).
The third group of results (15-23) showed a general decreasing tendency despite a 
small increase from cycle IS to 18 and reaching high cell number during cycles 18, 19 
and 20 3. However, after a dramatic decrease in the cell number in cycle 17 (final 
cell number of 4.0xl07 cells/ml ±  3.9%), cycle 18 reached 7.6xl07 cells/ml ±  3.1% as 
final cell concentration; an increase of almost two fold compared to that of cycle 17. 
After this increase in the concentration and at cycle 23, the final cell concentration 
reached 2.1xl07 cell/ml ±8.7% which represents a reduction of 70% compared to the 
cell concentration in cycle 20 (6.9xl07 cell/ml ±3.6%).
With respect to the glucose consumption during these nine cycle, both initial and final 
glucose concentration, showed a decreasing trend. This group of results started with an 
initial glucose concentration of 0.9 ±2.2% and, by cycle 23, the initial concentration had 
decreased to 0.8 ±0.1% 4. More glucose was consumed between cycles 17-21 compared 
to the second group of results (71.2% ±  1.7%, cr =  6.7%). In the last two cycles (22 
and 23) there was a large increase in the glucose consumption, 83.2% ±5.5 (cycle 22) 
and 91.3% ±0.1 (cycle 23), which corresponds to the largest consumption in the whole 
experiment.
At the end of the experiment, the yield obtained was 3.8xl07 cells/mg ±50.6% (a = 
2.6 xlO7 cells/mg)
EXP2 started with a cell concentration of 3xl05 cells/ml ±11.8%, and 4.8x10^ cells/ml 
±16.5% were produced during the first cycle. At the end of the initial transient, the 
monotonic growth of the cell concentration reached a maximum of 4.8xl07 cell/ml 
±4.6% in cycle 5.
At the end of the initial transient, the cell concentration exhibited a large final cell
number in cycle 6 (5.6xl07 cells/ml ±1.7%), after which it decreased slightly to about
5.5xl07 cells/ml ±3.3% at the end of cycle 7. Cycle 8 showed a dramatic fall in the
3No final cell concentration data were available for cycle 16.
4No final glucose concentration data were available for cycle 16 and 17
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final cell concentration (3.1xl07 cells/ml ±5.2%) where only 1.4xl07 cells/ml ±21.4% 
were produced compared to 3.8x10* cells/ml ±5.5% in the previous cycle.
The final cell concentration did not recover and fell even further to 2.6xl07 cells/ml ±  
14.6% and 2xl07 cells/ml ±5.1% in cycles 9 and 10 respectively. After this dramatic 
decrease in the cell numbers, the culture seemed to start recovering and an increase of 
almost three fold in the initial cell concentration in cycle 11 (2.9xl07 cells/ml ±8.3%) 
was observed; comparable with the initial cell concentration of cycle 7 .
4 .5 .2  E xperim en ts w ith  V ariable R esp on se
Figure 8.20 and Figure 8.24 show the cell and glucose concentration values for EXP4 
and EXP5 respectively, Table 9.14 summarises the data obtained. EXP4 started with 
a cell concentration of 1.3xl06 cells/ml ±1.0% and a glucose concentration of 24.8 g/1 
±1.8%. EXP5 had an initial cell concentration of l.lxlO 6 cells/ml ±4.9% and a glucose 
concentration of 21.5 g/1 ±1.5%.
During the initial transient in EXP4, the monotonic cell growth reached a maximum in 
cycle 5 of 6.7xl07 cells/ml ±1.6% and 97.4% ±0.7% of the glucose fed was consumed. 
In EXP5, the initial transient finished at l . lx l0 8cells/ml ±6.1% and 99.3% ±1.4% of 
the glucose fed was consumed.
Immediately after the initial transient of EXP4 (cycle 6), the final cell concentration 
decreased by around 50% compared to the previous cycle (reaching 3.5xl07 cells/ml 
±1.0% and only 1.5xl07 cells/ml ±3.0% were produced. The cell number decreased 
even further in cycle 7 and only 1.2xl07 cells/ml ±6.5 were produced. This failure 
to grow is reflected in the glucose consumption. In cycle 6, only 50.4% ±9.7% of the 
glucose fed was consumed by the cells, whereas, in cycle 7 this corresponds to only 
42.6% ±3.0%.
After the small growth observed in cycles 6 and 7 , the culture recovered and a mono­
tonic growth was observed from cycle 8 to 10 where there was a peak in the final cell 
concentration (9.3xl07 cells/ml ±1.8%). The glucose consumption also recovered, and 
the final glucose concentration reached very low levels; at the end of cycle 10, 97.1% 
±1.7% of the glucose fed was consumed.
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For the remaining cycles (10-14), both the initial and final cell concentration remained 
approximately constant at 2.5xl07 cells/ml ±2.6% (cr =  l.lxlO 6 cells/ml) and 8.5xl07 
cells/ml ±0.8% (cr =  5.1xl06 cells/ml). The initial glucose concentration showed a large 
variability compared to the final concentration, although the consumption remained 
approximately constant at 94.0% ±2.8% (cr =  2.0%).
Overall, the average final cell concentration was 7.0xl07 cells/ml ±0.7% (cr =  2.6xl07 
cells/ml). This experiment yielded 3.9xl06 cells/mg ±2.7% (cr =  1.4xl06 cells/mg)
After the initial transient of EXP5, a variable behaviour was observed throughout the 
remaining cycles. However, a trend can be identified, i.e. five peaks, at cycles 6, 16, 
23, 29 and 35, were followed by five minimum points of final cell concentration; at 
cycles 11, 17, 26, 31 and 39. The first peak in the final cell concentration was found 
just after the initial transient in cycle 6; 1.2xl08 cells/ml ±3.5%, after which the cell 
concentration decreased almost monotonically (small increase in cycle 9) and reached 
the first minimum at cycle 11, where the cell concentration reached 8.6xl07 cells/ml 
±2.3%.
The cell concentration increased over four cycles until in cycle 16, the cell concentration 
reached 1.1x10s cells/ml ±2.2% to decreased immediately in the following cycle to 
9.2xl07 cells/ml ±2.2%. After this minimum, the concentration increased again for 
another four cycles (until cycle 23) reaching 1.2xl08 cells/ml ±1.9% and after two cycles 
(cycle 26), the concentration decreased to 1.1x10s cells/ml ±1.3%. The next peak took 
only two cycles (cycle 29; 1.2xl08 cells/ml ±1.5%) after which the cell concentration 
reduces dramatically in cycles 30 and 31 where it only reached 8.0xl07 cells/ml ±1.9% 
representing the smallest final cell concentration after the initial transient. However, 
the cell concentration recovered rapidly and after three cycles (cycle 35) the largest 
cell concentration was observed; 1.3xl08 cells/ml ±1.2% to end in another minimum 
at cycle 39 (1.0x10s cells/ml ±0.9%).
Overall, the average final cell concentration was 1.1x10s cells/ml ±0.4% (cr =  1.2xl07 
cells/ml). The yield obtained in this experiment was 5.0xl06 cells/mg ±0.7% (cr =  
3.7xl05 cells/mg).
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4 .5 .3  E xperim en ts w ith  C onstant R esp on se
Figure 8.13 and Figure 8.31 show the cell and glucose concentration values for EXP3 
and EXP6 respectively, Table 9.9 summarises the data obtained. EXP3 started with a 
cell concentration of 8.5xl05 cells/ml ±7.2% and a glucose concentration of 22.1 mg/ml 
±0.5%. EXP6 had an initial cell concentration of 1.7xl06 cells/ml ±1.2%; which was 
almost double of EXP3, and a glucose concentration of 23.9 mg/ml ±0.5%.
During the initial transient in EXP3, the monotonic cell growth reached a maximum in 
cycle 5 of 1.2xl08 cells/ml ±4.8% and 84.4% ±0.1% of the glucose fed was consumed. 
In EXP6, the initial transient finished at 9.82xl07cells/ml ±1.3% and 98.9% ±0.1% of 
the glucose fed was consumed.
The period that follows the initial transient exhibited a relatively constant response to 
the conditions of the culture with respect to the cell concentration in both experiments. 
However, a large final cell concentration at cycle 7 of EXP3 (1.7xl08 cells/ml ±1.9%) 
and in cycle 6 of EXP6 (1.2xl08 cells/ml ±2.1%) was observed.
In cycle 8, after the peak reached in cycle 7 (EXP3), the cell concentration decreased 
steeply to 1.0x10s cells/ml ±1.9% and 1.3xl08 cells/ml ±2.6% were produced. For the 
remaining cycles (9-20), both the mean initial and the final cell concentration, remained 
approximately constant at 3.3xl07 .cells/ml ±3.6% (a =  3.3xl06 cells/ml) and 1.1x10s 
cells/ml ±1.7% (cr =  6.0xl06 cells/ml).
On the contrary, in EXP6 and after the peak at cycle 6, the final cell concentration 
decreased and by the 9th cycle it reached 1.1x10s cells/ml ±  4.2%. In cycle 10, it 
increased and remained constant at a mean of 1.2 xlO8 cells/ml ±0.6% (cr =  3.5xl06 
cells/ml) until the end of the experiment. However, a very slight decrease was observed 
in the last two cycles of the experiment where the mean final cell concentration droped 
to 1.1x10s cells/ml ±2.4% (cr =  1.4xl06 cells/ml) in the last two cycles.
The glucose concentration showed very erratic behaviour throughout both experiments. 
However, the same trend in the three cycles following the transient period (6-8) of both 
experiments was observed; i.e. the initial glucose concentration increased from cycle 6 
to 7 and then decreased in cycle 8; from 17.6 g/1 ±0.9% in cycle 6 to 14.4 g/1 ±0.3% in
4.6. Harvest Fraction 65
cycle 8 (EXP3) and from 16.8 g/1 ±1.9% in cycle 6 to 13.7g/l ±1.9% in cycle 8 (EXP6).
In the subsequent cycles of EXP3 (9-16), the initial glucose remained approximately 
constant at a mean concentration of 17.6 g/1 ±0.2% (cr =  0.9 g/1), except for cycle 9 
(13.8 g/1 ±  0.2%) and cycle 16 (14.6 g/1 ±  0.3%). In EXP6, two groups of constant 
values were observed; during cycle 9-13 (except for cycle 12, 20.5 g/1 ±1.1%) a mean 
initial glucose concentration of 15.5 g/1 ±0.7% (cr =  0.7 g/1) and during cycles 14-18 a 
mean of 18.6 g/1 ±0.3% (cr =  0.2g/l). For the final two cycles (19,20), the mean initial 
concentration decreased considerably to 14 g/1 ±0.3% (cr =  0.5 g/1).
Despite the large variability observed in the initial values of glucose, the final glucose 
concentration reached very low levels in both experiments and hence the glucose con­
sumed was large after the transient period throughout both experiments. For EXP3, 
98.3% ±  0.2% (cr =  2.0%) of the glucose fed was consumed (cycle 7-20) and in EXP6, 
98.5% ±0.3% (cr = 1.1%) of the glucose was consumed (cycle 6-20).
In these experiments, the yield was 5.3xl06 cells/mg ±1.1% (a — l.OxlO6 cells/mg) in 
EXP3 and 5.6xl06 cells/mg ±0.8% (cr =  6.53xl05 cells/mg)
4.6 Harvest Fraction
In this section, and for all the experiments, the process between cycles is referred to as 
the resuspensions (R). Every resuspension is denoted Rr\, where A is the resuspension 
number. Resuspension f \  occurs at the end of. cycle f \  and before cycle Y\+1.
4.6 .1  P relim inary E xp erim en ts
Figure 8.3 and 8.9 present the results of the true HF calculated from the weight of 
culture harvested in EXP1 and 2 respectively and Table 9.6 summarises the data ob­
tained. This weight was measured for six resuspensions, namely: R l, R2, Rl^ Rl*7, R18' 
and Rl9 and overall a mean of 0.78 ±  0.01% (cr — 0.02) was calculated.
Figure 8.4 presents the HF calculated from cell and glucose concentrations for EXP1. 
The variability observed in the cell concentration of EXP1 values reflects the large
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variability in the HF calculated from cell concentration. During the initial transient, 
a monotonic decreased in the HF was observed starting at 0.65±12.8% in R1 down 
to 0.45±11.6% in R3. In R4 it increased to 0.6 ±7.4%. After the initial transient, 
R6 exhibited the lowest HF of the whole experiment; apparently only 0.16±7.8% of 
the cells were harvested from the reactor. However, it increased again in the next 3 
resuspensions to a maximum value of 0.69±12.5% (resuspension 9). The mean HF 
remained approximately constant at 0.66 ±2.16% (cr =  0.04) for 5 resuspensions (until 
R14). In the next resuspension, the HF decreased again and remained at about 0.50 
±  3.17% (cr =  0.01) for 5 resuspensions (R15-R21) except for R17 where, according 
to the calculations, the HF reached only 0.02 ±6.52%. In the last resuspension, R22, 
the HF increased again to 0.72 ±11.8%. Overall, the mean HF calculated from cell 
concentration was 0.52 ±2.0% (cr =  0.20)
The HF calculated by the glucose concentration for EXP1 presented a very different 
trend (Figure 8.4). After very low values in the first resuspensions (0.27 ±2.1%, 0.43 
±7.4% and 0.3 ±2%), the HF increased notably to 0.88 ±2.80% in R6 remaining ap­
proximately constant until R17 at a mean of 0.83 ±  0.01 (cr =  0.06). After these 
resuspensions (R18-R22), the HF decreased to a mean of 0.70 ±  0.01 (cr =  0.05). Over­
all, the mean HF calculated from glucose concentration was 0.76 ±0.85% (cr =  0.10) 
Figure 8.9 shows a rather constant response of the culture in EXP2. During the initial 
transient, a mean of 0.81 ±0.03 of the culture was harvested from the reactor. For the 
following three resuspensions, the mean HF decreased slightly to 0.79 ±0.04. Overall, 
the mean HF was 0.78 ±0.01.
Figure 8.10 presents the HF calculated from cell concentration for EXP2. It can be 
observed, that the HF during the initial transient resulted in a large variability around 
a low mean value of 0.57 ±5.6% (cr =  0.1%) with the highest value in R4 (0.73 ±4%). 
The value for HF increased in the following 4 resuspensions remaining at a mean of 0.73 
±2.8%. This value does not include R7 where the HF was smaller (0.58 ±3.7%). In the 
last resuspension, where a recovery in the cell concentration was observed, the HF de­
creased again to 0.23±11.5%. Overall, the mean HF calculated from cell concentration 
was 0.63 ±3.47% (cr =  0.22)
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4 .6 .2  E xperim en ts w ith  V ariable R esp on se
Figure 8.21 and Figure 8.25 present the HF calculated from the cell and glucose con­
centration for EXP4 and EXP5 respectively, Table 9.15 summarises the data obtained. 
During the initial transient of EXP4, the mean HF calculated by cell concentration 
showed slight variability (0.7 ±1.0%, cr =  0.1). This behaviour changed at the end 
of the transient and between R6-R13, the mean HF remained approximately constant 
with less variability; 0.72 ±0.6% (a = 0.02).
With respect to the HF calculated from the glucose concentration (EXP4), a greater 
variability was observed during the initial transient (0.65 ±2.76%, cr =  0.12). In R l, 
only 0.58 ±14.4% of the culture was harvested, whereas, in R2 the HF increased to 
0.84 ±2.88%. At the end of the next three resuspensions (R3-R5), the HF decreased 
monotonically to 0.54 ±0.87%. At the end of the initial transient, the HF variability 
decreased from R6 to R12, and the mean HF remained approximately constant at 0.60 
±2.39% (cr =  0.05). In the last resuspension (R13), the HF decreased even more to 
0.40 ±  2.92%. Finally, the overall HF calculated by cell and glucose concentration were 
0.73 ±0.66% (cr =  0.02) and 0.58 ±2.20%, cr =  0.09) respectively.
The HF calculated from cell concentration during the initial transient of EXP5 showed a 
decreasing trend from R l (0.76 ±3.19%) to R4 (0.67 ±5.06%) but recovered at R5 (0.74 
±6.64%). For the following four resuspensions (R6-R10) after the initial transient, the 
fraction of cells harvested increased and remained approximately constant at a mean 
value of 0.79 ±1.05% (cr =  0.02). In the following resuspensions (R11-R33), the mean 
HF decreased slightly and remained approximately constant at 0.75 (a = 0.02), except 
for R ll  and R14 where the HF was 0.67 ±10.73% and 0.68 ±4.46% respectively. For 
the remaining five resuspensions (R34-R38), the mean HF increased to 0.79 ±0.28% 
(cr =  0.02). The overall HF of cell and glucose concentration for this experiment were 
0.76 ±0.29% (a =  4.4) and 0.76 ±0.03% (cr =  0.08).
The HF calculated from the glucose concentration during the initial transient of EXP5 
presented the opposite behaviour to the calculated by cell concentration, i.e. it had 
an increasing trend from R l (0.50 ±6.66%) to R5 (0.73 ±0.97%). After the initial 
transient, from R6 to R38, a variable trend can be observed, however, a mean HF of
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0.76 ±2.04% (cr =  0.08) was calculated with the maximum value of 0.94 ±0.32% at 
R27 and a minimum of 0.59 ±1.34% at R13.
4 .6 .3  E xp erim en ts w ith  C onstant R esp on se
Figure 8.14 presents the true HF calculated from the weight of culture harvested in 
EXP3. This volume was measured for eleven cycles (R1-R5, R6-R11 and R17) which 
remained at approximately a mean of 0.79 (cr =  0.02). Figure 8.15 and Figure 8.32 
present the HF calculated from the cell and glucose concentration for EXP3 and EXP6 
respectively. Table 9.10 summarises the data obtained.
The HF calculated by cell concentration remained approximately constant throughout 
both experiments. During the initial transient, the mean HF remained at 0.75 ±0.43% 
(cr =  0.04) for EXP3 and 0.75 ±0.80% (cr =  0.03) for EXP6. From R6 to R20, the 
HF varied slightly, however, it was considered to remained constant at a mean of 0.72 
±0.64% (cr =  0.05) during EXP3 and 0.79 ±0.20% (cr =  0.03) for EXP6. A small 
increased was noticed in EXP6 from R10 (0.76 ±3.62%) to R l l  (0.82 ±0.31%). The 
overall HF calculated by cell concentration was 0.72 ±0.69% (cr =  0.04) for EXP3 and 
0.79 ±0.24% (cr =  0.03).
The HF calculated by glucose concentration reflected a greater variability in both ex­
periments. During the initial transient, the mean HF remained approximately constant 
at 0.79 ±2.1% (cr =  0.12) for EXP3 and 0.72 ±1.9% (cr =  0.16) for EXP6.
After the initial transient of EXP3, the HF increased from 0.77 ±  1.06% to 0.86 ±0.82% 
to decreased in the next two resuspensions to 0.61±0.59% in R8. From R9 onwards, the 
mean HF was approximately constant at 0.80 ±0.19 (cr =  0.04) except for R15 where 
the HF was much lower (0.64 ±0.72%). For EXP6 and during resuspensions 6-20, two 
clusters of data can be observed in the figure; from R6 to R10 and from R ll  to R18. 
The first cluster, R6-R10, a mean HF of 0.65 ±0.73% (cr =  0.05) was calculated. An 
increased in the mean HF of R11-R18 was observed; 0.76 ±0.23% (cr =  0.07) to finally 
decreased once more in the last two resuspensions to a mean value of 0.58 ±0.57% (cr 
=  0.02). The overall HF calculated from the glucose concentration was 0.77 ±0.18% 
(cr =  0.08) for EXP3 and 0.70 ±0.37% (cr =  0.09).
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4.7 Temperature and pH
4 .7 .1  P relim in ary  E xp erim en ts
Figure 8.5 and 8.11 show the temperature and pH for EXP1 and EXP2 (no pH data 
were recorded for EXP2 since a pH probe was not available), Table 9.7 summarises 
the data obtained. During the cultivation time, the temperature was kept at 30°C. 
The temperature decreased due to addition of fresh medium and during R9 it reached 
a minimum value of 19.7 °C. However, on three occasions (R5, R12 and R17) the 
temperature increased.
In R12, the temperature increased considerably to 42.5 °C. A closer inspection of this 
resuspension revealed that at the moment of the resuspension the reactor temperature 
took 4 min to decreased to 29.9 °C, then, it increased to 42.5 °C in 4 mins. As 
an example, and only for this experiment, the detail of the temperature for R12 can 
be seen in Figure 8.6. After this peak, the temperature decreased to 28.5 °C again 
monotonically for 45 mins and it took further 16 min to reach a second peak at 30.6 °C. 
The temperature overshoot (due to the action of the controller) varied between 30.6 
°C and 29.1 °C for 17 mins. Finally, the temperature reached 30 °C and remained at 
this value until the next resuspension. In summary, the controller took approximately 
86 mins to correct the temperature to the set point, 30 °C , from the moment the 
heater was turned off until after the fresh medium had been added.
pH was not controlled although the resuspensions can be identified because the pH in­
creased. The initial transient started with a pH value of 5.47 and decreased monotically 
to 5.04 where the first resuspension occurred. The final pH value reached lower values 
as the cycles passed and at the end of cycle 5 the pH reached a value of 3.4.
After the initial transient and for 9 cycles (6-15), the initial pH of each cycle was very 
similar and around a mean of 4.8 (cr =  0.05). However, the final pH remained stable 
only until the end of cycle 11 (3.7, a = 0.05) and for cycles 12-14, the final mean pH was 
2.9 (cr = 0.07) increasing slightly at the end of cycle 15 (pH 3.19) and cycle 16 (pH 3.17). 
Cycle 17 started with a high pH value (5.11) and only reached a pH value of 4.22 at the 
end of it. From cycle 18 onwards (4.89), the initial pH decreased monotonically and
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in cycle 23 had fallen to 4.22. The final pH had the opposite behaviour and increased 
from 3.17 in cycle 18 to 3.45 at the end of cycle 23.
As in EXP1, the temperature in EXP2 (Figure 8.11) decreased when new medium was 
added and in this case the lowest temperature was 23.1 °C in the last resuspension 
(R ll) and the highest temperature was observed in R6 (33.3 °C). A closer inspection 
of R l l  revealed that at the moment of the resuspension, the temperature droped very 
rapidly for 8 mins to 23.1 °C. After about 6 mins at this temperature, it steadily 
increased for about 22 mins to 31 °C to decrease once more to 29.9 °C. After the 
temperature remained at this temperature for 10 mins, it increased to 30 °C and 
remained at this temperature for the following cultivation.
4.7 .2  E xp erim en ts w ith  V ariable R esp on se
Figure 8.22 and Figure 8.26 show the temperature and pH values for EXP4 and EXP5, 
Table 9.16 summarises the data obtained. During the cultivation time, temperature 
was kept at 30 °C for both experiments. At the moment of the resuspension the largest 
drop in temperature for EXP4 was 22.3 °C in R9 and for EXP5 was 22.1 °C in R ll .  
The largest increase for EXP4, was 35.4 °G in R2 and for EXP5, was 34 °C in R31.
A closer inspection of R2 in EXP4 revealed that at the moment of the resuspension, 
the reactor temperature took 5 mins to decrease to 28.2 °C , then, it took 3 mins 
to increase to 35.6 °C. After this peak, the temperature decreased to 28.6 °C again 
monotically for 43 mins and it took a further 15 min to reach a second peak at 30.5 
°C. The temperature overshoot varied between 30.5 °C and 29.9 °C for 21 mins 
after which the temperature reached 30 °C and remained at this value until the next 
resuspension; the controller took approximately 88 mins to correct the temperature to 
the set point.
The pH in EXP4 was monitored and controlled at a set point of 5.6, oscillating between 
5.59 and 5.61. The first resuspension started with a pH value of 5.59 and during the 
first cycle the pH was not controlled reaching a pH of 5.33. In the majority of the 
resuspensions, the mean pH reached a maximum of 5.67 (cr =  0.03) except for R5
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where pH reached 5.72 (cr =  0.03) taking 84 min to drive it to the set point by addition 
of NaOH (from 5.72 to 5.59).
In the case of EXP5, a closer inspection of R ll  revealed that at the moment of the 
resuspension, the reactor temperature took 10 mins to decrease to 22.1 °C, then, it 
took 30 mins to increase to 30.2 °C and further a 29 mins to decrease to 29.9 °C . 
After approximately 10 min, the temperature reached 30 °C and remained at this value 
until the next resuspension; the controller took approximately 71 mins to correct the 
temperature to the set point 30 °C.
With respect to EXP5, the pH was monitored and controlled at a set point of 5.6, 
oscillating between 5.59 and 5.61. The first resuspension started with a pH value of 5.69 
and during the first cycle the pH decreased to 5.6. At the moment of the resuspension, 
the largest increase in pH was 5.89 in R10 and smallest was 5.63 in R20.
4.7 .3  E xp erim en ts w ith  C onstant R esp on se
Figure 8.16 and Figure 8.33 show the temperature and pH values for EXP3 and EXP6. 
During the cultivation time, temperature was kept at 30 °C for both experiments. At 
the moment of the resuspension the largest drop in temperature for EXP3 was 20.1 
°C in R18 and for EXP6 was 22.5 °C in R10. The largest increase for EXP3, was 32 
°C in R6 and for EXP6, was 31.2 °C in R14.
A closer inspection of R18 in EXP3 revealed that at the moment of the resuspension, 
the reactor temperature took 10 mins to decrease to 20.1 °C , then it took 29 mins 
to reach a second peak at 30.8 °C . The temperature overshoot varied between 30.8 
°C and 29.8 °C for 39 mins after which the temperature reached 30 °C and remaind 
at this value until the next resuspension; the controller took approximately 78 mins to 
correct the temperature to the set point. In R10 of EXP6, a closer inspection revealed 
that it took 20 mins to reach the lowest reactor temperature of 22.5 °C and another 21 
mins to reach the second peak at 30.8 °C. The temperature overshoot varied between 
30.8 °C and 29.9 °C for 20 mins and in this case, the controller took 71 min to reach 
the set point.
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The pH profiles for both experiments are shown in Figures 8.16 and 8.33, Table 9.11 
includes a compilation of the data obtained. The pH was not controlled in EXP3, 
however, it was controlled in EXP6. The initial transient of EXP3 started with a pH 
value of 5.65 and decreased monotically to 5.52 where the first resuspension occurred. 
The final pH values, in the same experiment, reached lower values as the cycles pass 
and at the end of cycle 5, the pH reached a value of 3.79. From the figure, the initial 
and final pH remained constant in each case, hence a mean initial pH of 5.39 (cr =
0.07) and mean final pH of 3.86 (tr =  0.06) were calculated. It was also noticeable that, 
almost at the end of the cultivation period, the pH reached a value after which the 
rate of pH decrease slowed down. This value oscillated between 3.82 and 4.13 but it 
remained approximately constant at a mean pH of 3.96 (cr = 0.09).
The pH in EXP6 was monitored and controlled at a set point of 5.6 and oscillated 
between 5.59 and 5.61. The first resuspension started with a pH value of 5.76 and during 
the first cycle, it took 459 min to reach 5.6. For the majority of the resuspensions, the 
mean pH reached a maximum of 5.76 (a = 0.01) except for R3, 13, 18 and 19 where 
the mean pH was 5.66 (cr = 0.01).
4.8 Frequent Sampling
4 .8 .1  P relim in ary E xperim en ts
Figure 8.7 and 8.12 present the frequent sampling values of cell and glucose concen­
tration during cycle 23 in EXP1 and cycle 8 of EXP2, Table 9.8 summarises the data 
obtained. The cycle started with a cell concentration of 9.7xl06 cells/ml (±8.5%) and 
a normalised glucose concentration of 0.58. An hour after the first resuspension the 
cell concentration dropped sharply to 3.4xl06 cells/ml (±14.02%) and during the next 
three hours no cell growth was apparent; the mean cell concentration remained at 
approximately 3.2xl06 cells/ml ±7.3% (cr =  1.7x10s cells/ml).
It can be observed that the normalised glucose concentration increased almost two fold 
in the next two hours (0.96±7.3% and 1±10.3%) after which the glucose values exhibited 
signs of consumption and decreased to 0.8±7.9%. For the next three hour an increased
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in the cell concentration was observed and, as in the first three hours, no apparent 
growth was observed during hours 4, 5 and 6 and the mean cell concentration remained 
at 5.9xl06 cells/ml ±6.4% (a =  6.2xl05 cells/ml). The glucose concentration decreased 
monotonically and at the end of hour 6, 90% of the glucose fed at the beginning of the 
cycle had been consumed.
At hour 7, and after growth had apparently ceased, the cell concentration increased 
to 7.1xl06 cells/ml ±7.2% and from this point onwards the cells continued growing, 
first slowly until hour 9 when the cell concentration reached a value of 9.6xl06 cells/ml 
±5.35%, and then more rapidily in the last three hours of the cycle reaching a cell 
concentration of 2.1xl07 cells/ml ±8.7%.
The glucose consumption seemed to stop at hour 6 and from hour 7 to 11 it remained 
at 0.06 ±  0.7% (cr =  0.01). The cycle finished with a glucose increase (to 0.11±7.3%) 
and at the end of the cycle, 2.0xl06 cells/ml ±8.2%‘were produced and around 81% 
±2.9% of the glucose fed to the reactor was consumed.
Cycle 8 of EXP3 started with a cell concentration of 2.0xl07 cells/ml ±2.2% (No 
glucose data were available for this cycle). During the first two hours of this cycle no 
cell growth was apparent and the mean cell concentration remained at 1.9xl07 cells/ml 
±4.9% (cr =  1.2xl06 cells/ml). During the next six hours, two increases were observed 
after which very little cell growth was apparent; from hour 3 to 4 and from hour 5 to 
6. After the first increase, the mean cell concentration remained at 2.6xl07 cells/ml 
±3% (cr =  4.4xl05 cells/ml) and in the second increase, the mean cell concentration 
was 3.4xl07 cells/ml ±2.2% (cr =  1.4xl06 cells/ml). A final increase was observed 
between hour 6 to 7 after which the cell concentration started to slowly increase to 
a final cell concentration of 5.6xl07 cells/ml ±1.7%. At the end of the cycle 6.5xl06 
cells/ml ±1.4% were produced.
4.8 .2  E xperim en ts w ith  V ariable R esp on se
Figure 8.23 presents the frequent sampling values of cell and glucose concentration 
during cycle 8 in EXP4. Figures 8.27, 8.28, 8.29 and 8.30 present the frequent sampling
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values of cell and glucose concentration during cycles 10, 14, 35 and 38 in EXP5. Table 
9.17 summarises the data obtained.
Cycle 8 of EXP4 started with a cell concentration of 5.8xl06 cells/ml ±  0.5% and 
glucose concentration of 17.7 g/1 ±0.2%. Very little or no apparent growth was observed 
during the first 1.5 hr of the cycle and during this time, the mean cell concentration 
remained approximately constant at 6.1xl06 cells/ml ±0.3% (cr =  2.5xl05 cells/ml). 
At the same time, the glucose concentration decreaseed only after a peak in hour 1 
(21.0 g/1 ±  0.1) reaching a minimum at hour 2 of 16.75 g/1 ±0.02%.
The beginning of the cell growth was more evident from hour 2, where it was clearly 
observed that the cell concentration increased from 6.8xl06 cells/ml ±5.4% at 2 hrs to 
1.8xl07 cells/ml ±0.7% at hour 6, which represents an increase of approximately 2.5 
fold, however, there was a sudden increase in the cell concentration from hour 4 to 4.5 
(from 8.9xl06 cells/ml ±0.4% to 9.6xl06 cells/ml ±1.6%). The glucose concentration 
did not decrease as smoothly and a decrease can be observed at hour 2 (16.75 ±0.02%) 
followed by a peak at hour 3 (19.2 g/1 ±0.1%) and another minimum at hour 4 (13.54 
g/1 ±0.2%). In summary, at the end of the sampling time, 1.2xl07 cells/ml ±1.0% were 
produced and only 22.4g/l ±4.5% of the glucose fed was consumed.
Cycle 10 of EXP5 started with a cell concentration of 2.4xl07 cells/ml ±4.6% and 
glucose concentration of 15 g/1 ±0.2%. For the first hour and a half, no apparent cell 
growth was observed and the mean cell concentration remained at 2.2xl07 cells/ml 
±1.8% (cr =  1.5xl06 cells/ml). During the same period, the glucose concentration 
decreased and at the end of the first hour, 30% of the glucose fed at the beginning of 
the cycle had been consumed. At the end of this period the glucose increased to 15.5
g/1 ±0.1% .
A slight increase in the cell concentration was observed at the second hour, however, 
this increase was followed by another apparent failure to grow, and the cell concentra­
tion remained approximately constant for an hour (from hour 2-3) at 2.6xl07 cells/ml 
±1.9% (cr =  5.0xl05 cells/ml). At this point, the glucose concentration had decreased, 
compared to the concentration at hour 1.5, to 12.8 g/1 ±0.1%.
A subsequent increase in the cell concentration at hour 3.5 (3.16xl07 cells/ml ±0.5%)
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and 4 (3.55xl07 cells/ml ±8.1%), led to a third apparent failure to grow. Once more, 
at hour 4.5, the cell concentration remained approximately constant for an hour at 
4.3xl07 cells/ml ±1.5% (cr =  6.5x10s cells/ml). Between hour 3.5 and 4, the glucose 
was maintained constant at 11.64 g/1 ±0.01% {cr = 0.01 g/1), however, it decreased 
sharply for an hour to 9.4 g/1 ±0.84.
Finally, a large increase from hour 5.5 to 6 showed the recovery of the cell culture 
and at hour 7.5 the cell concentration reached 7.62xl07 cells/ml ±3.9%. The glucose 
consumption stopped between hour 5-6 (9.26 g/1 ±0.3%, a — 0.3 g/1), to decrease 
sharply in the last hour of the sampling period reaching 4.22 g/1 ±0.6% at hour 7. In 
summary, 5.2xl07 cells/ml ±6.1% were produced, and 71.8% ±0.2% of the glucose fed 
was consumed.
Cycle 14 of EXP5 started with a cell concentration of 2.6xl07 cells/ml ±2.8% and 
glucose concentration of 12.7 g/1 ±0.2%. During the first hour, the cell concentration 
decreased around 27% compared with the first sample. However, the concentration re­
covered and the culture grew exponentially for five hours (from hour 1.5-6.5) reaching 
a concentration of 5.7xl07 cells/ml (±2.9%). After a decrease in the glucose concen­
tration in the first hour of the cycle (11.53 g/1 ±0.2%), the glucose consumption was 
evident from hour 1.5 until the end of the sampling time, reaching a concentration of 
5.0 g/1 ±0.1%. At the end of the cycle 3.1xl07 cells/ml ±5.7% were produced and 
60.7% ±0.2% of the glucose fed was consumed.
Cycle 35 of EXP5 started with a cell concentration of 2.4xl07 cells/ml ±0.6% and 
glucose concentration of 15.38 g/1 ±0.03%. For the first hour and a half of the cycle, 
no apparent cell growth was observed and the mean cell concentration remained at 
2.3xl07 cells/ml ±1.2% (cr =  1.2xl06 cells/ml). From the second hour onwards, the cell 
culture grew exponentially from 2.5xl07 cells/ml (±4.3%) to 7.4xl07 ceils/ml (±1.5%). 
With respect to the glucose concentration, a very sharp decrease was observed during 
the first two hours of the cycle reaching 11.1 g/1 ±0.14%, slowing down for an hour 
(betweem hours 2-3), to resume consumption until the end of the cycle, decreasing to 
a concentration of 1.58 g/1 ±  0.4%. At the end of this cycle, 5.0xl07 cells/ml ±2.2% 
were produced and 89.71% ±0.03% of the glucose fed was consumed.
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Cycle 38 started with a cell concentration of 2.2xl07 cells/ml ±1.9% (no glucose data 
were available for this cycle). There was no apparent cell growth observed for the 
first two and a half hours of the cycle; the cell concentration remained approximately 
constant at 2.2xl07 cells/ml ±0.9% (cr =  1.8xl06 cells/ml). Between hour 2.5 and 3, the 
cell concentration increased slightly from 2.4xl07 cells/ml ±1.2% to 2.8xl07 cells/ml 
±2.0%. During the next hour (hr 3-4), no apparent growth was observed and the 
cell concentration remained approximately constant at 3.0xl07 cells/ml ±1.3% (cr =  
1.4xl06 cells/ml). Finally, the cell concentration increased slightly at hr 4.5 (3.3xl07 
cells/ml ±1.9%), and then more rapidly until the end of the sampling time reaching a 
cell concentration of 5.9xl07 cells/ml ±2.4%. At the end of this cycle, 3.1xl07 cells/ml 
±4.0% were produced.
4.8 .3  E xp erim en ts w ith  C onstant R esp on se
Figures 8.17, 8.18 and 8.19 presents the frequent sampling values of cell and glucose 
concentration during cycles 4, 10 and 20 in EXP3. Figures 8.34 and 8.35 presents the 
frequent sampling values of cell and glucose concentration during cycles 13 and 18 in 
EXP6. Tables 9.12 and 9.13 summarises the data obtained.
Cycle 4 of EXP3 started with a cell concentration of 1.3xl07 cells/ml ±12.0% (no 
glucose concentration data were available for this cycle). Very little or no apparent 
growth was observed during the first 2.5 hr of the cycle. During the first hour of 
the cycle, the cell concentration remained approximately constant at 1.5xl07 cells/ml 
±4.6% (cr == 1.4xl06 cells/ml) after which a small increase was observed between hour
1.5 and 2.5 increasing the mean concentration to 1.9xl07 cells/ml ±3.9% (cr =  7.3xl05 
cells/ml)).
The beginning of the cell growth was more evident after 2.5 hours, where the cell 
concentration increased from 1.84xl07 cells/ml ±1.3% at 2.5 hrs to 1.3xl08 cells/ml 
±6.8% at hour 8.5, which represents an increase of almost 7.5 fold. The cell growth 
slowed down from hour 9 to hour 10.5 reaching a concentration of 1.4xl08 cells/ml 
±1.3% and in the last 2 hours of the cycle, the cell concentration decreased to about 
9.83xl07 cells/ml ±1.0%. At the end of the cycle, 8.52xl07 cells/ml ±  2.2% were
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produced.
Cycle 10 of EXP3 started with a cell concentration of 2.9xl07 cells/ml ±5.5% and 
glucose concentration of 17.0 g/1 ±  0.5%. During the first hour of the cycle no apparent 
growth was observed, and the cell concentration remained constant at 2.9xl07 cells/ml 
±  4.0% (cr =  3.82xl05 cells/ml). The glucose consumption exhibited very little decrease 
during the first three hours, except for hour 0.5 and 2 where the glucose concentration 
decreased was very noticeable; 10.93 g/1 ±0.05% and 11.9 g/1 ±2.7% respectively. 
Prom hour 1.5 until the end of the sampling time, the cell concentration increased 
monotonically at a very slow rate from 3.2xl07 cells/ml ±  6.5% to 5.9xl07 cells/ml ±  
4.2% which represents an increase of only 2 fold. The glucose consumption decreased 
much more after hour 3 and at the end of the sampling period, it reached 6.2 g/1. In 
summary, at the end of the sampling time, 9.2xl07 cells/ml ±2.2% were produced and 
63.7g/l ±1% of the glucose fed was consumed.
Cycle 20 of EXP3 started with a cell concentration of 2.9xl07 cells/ml ±10.7% and 
glucose concentration of 17.4 g/1 ±0.5%. As in the other two cycles, a period of little 
or no apparent growth could be seen. In this case, it corresponded to the first two 
hours of the cycle; the mean cell concentration remained approximately constant at 
3.1xl07 cells/ml ±3.43% (cr =  l.lxlO 6 cells/ml). During this initial period, the glucose 
decreased to 13.63 g/1 ±0.01% at hour 0.5 but increased for an hour to decrease slightly 
once more at hour 2 (15.3 g/1 ±0.1%). Prom the second hour onwards, the cell concen­
tration started increasing exponentially until reaching 1.2xl08 cells/ml ±3.3% at hour 
8.5, which corresponds to an increase of four fold compared with the mean during the 
first two hours. The beginning of the glucose consumption was observed from hour 3 
(15.15 g/1 ±0.35%) to hour 7.5 (0.2 g/1 ±4.35%). Prom hour 8 until the end of the 
cycle, the glucose concentration reached very low levels; 0.07 g/1 at hour 10.5 and 11.5. 
In summary, at the end of the cycle, 8.9xl07 cells/ml ±4.1% were produced and 98.9% 
±0.7% of the initial glucose had been consumed.
Figures 8.34 and 8.35 show that both cycles of EXP6 exhibit similar behaviour, in that, 
exponential growth was observed and both cycles started with a cell concentration of 
2.5xl07 cells/ml (±  7.7% for cycle 13 and 3.6% for cycle 18) and the initial glucose
4.9. Concluding Comments 78
concentration was 14.62 g/1 ±0.2% for cycle 13 and 18.8 g/1 ±0.4% for cycle 18.
During the first hour of cycle 13, very little or no apparent growth was observed and the 
mean cell concentration remained approximately constant at 2.1xl07cell/ml ±  5.6% (a 
= 3.9xl06 cells/ml). During this hour, the glucose concentration increased almost 15% 
(16.3 g/1 ±0.02). At hour 1.5, the cell concentration increased to 2.1xl07 cells/ml ±5.5 
and the offset of the cell growth was more noticeable from this hour reaching 6.3xl07 
cells/ml ±2.3 and a decrease of the glucose concentration to 6.8 g/1 at hour 5 (increase 
of almost 3 fold in the cell concentration).
In summary, the culture took around 2.5 hrs to increase the number over the initial cell 
concentration (2.6xl07 cells/ml ±2.2%) and around 5 hours to double the initial cell 
concentration (5.3xl07 cells/ml). In addition, the culture took about 1.5 hrs to exhibit 
an increase in the glucose consumption. At the end of the sampling time, 3.8xl07 
cells/ml ±  6.3% were produced and 53.5% of the initial glucose had been consumed.
For cycle 18, as in cycle 13, the cell concentration decreased to 1.9xl07 cells/ml ±5.8 
in the first half an horn: of sampling. The glucose concentration decreased as well to
16.5 g/1 ±0.12%. The cell concentration started increasing from the first hour (2.2xl07 
cells/ml ±5.8%) until the end of the sampling time reaching a cell concentration of 
fi.OxlO7 cells/ml ±1.3%.
The glucose consumption also increased after the first hour, with a large drop in the 
glucose concentration between hour 3 and 4; 14.19 g/1 ±0.12% to 10.80 g/1 ±0.07%. The 
glucose consumption decreased further to 9.56 g/1 ±0.14%. In summary, the culture 
took 1.5 hours to increase in number over the initial cell concentration and about 4 
hours to double it, and it took 1.5 hrs to exhibit an increase in the glucose consumption. 
At the end of the sampling time, 6.3xl06 cells/ml ±  1.6% were produced and 49.2% ±
0.99% of the initial glucose had been consumed.
4.9 Concluding Comments
Repeated batch cultivation of Schizosaccharomyces pombe was performed using the 
system described in Chapter 3. Six experiments have been completed operating a 2
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dm3 bioreactor at a HF of 0.8 and a DCT of 12 hrs, which were kept constant throughout 
the experiments. Samples were taken at the beginning and end of each resuspension, 
as well as frequent sampling was performed between cycles. The duration of each 
of the experiments and the frequency of the sampling varied; in some experiments 
(EXP1 and 2) the sampling was performed every hour, however, in the majority of the 
experiments frequent sampling was every half an hour. The temperature and the pH 
were monitored and controlled for the duration of experiments EXP4 to EXP6. In the 
remaining experiments only ihe  temperature was controlled, although both parameters 
were monitored (see Table 9.4).
From the results obtained, the experiments have been divided into 3 groups according 
with the cell concentration response to the conditions of the culture. These groups 
are: preliminary experiments (EXP1 and EXP2), experiments with relatively constant 
response (EXP3 and EXP6) and experiments with variable response (EXP4 and EXP5).
The data obtained in EXP4 and 5 shows the same kind of variability observed in 
some theoretical and experimental studies when cultivating different strains of cells 
and using repeated batch cultivation (Faraday et al., 1994; Fotuhi, 2002; Stavroulakis 
et al., 1991a,b). It is also evident that, in some cases, when the variability in the cell 
concentration was large a decrease in the cell concentration produced and in the yield 
of the culture, Y x /s-  However, when the variability is not as large as in EXP3 and 6 
no apparent decrease in the cell concentration can be observed.
When possible, frequent samples were taken at some point on the experiment when a 
decrease in the cell concentration in previous cycles was observed. This was carried 
out in twelve cycles over the six experiments. In eight of these cycles (EXP3-EXP6) 
an exponential cell growth was observed from approximately hour 1.5 until the end of 
the sampling time. In the remaining cycles, periods of apparent failure to grow were 
observed which lasted for approximately an hour; this behaviour is expressed as a step 
increase in the cell concentration. Two of these periods could be observed in cycle 23 
and cycle 10 of EXP1 and EXP5 respectively and can be suggested that when cells fail 
to grow it coincides with periods of decrease in the cell concentration.
In the next chapter, the discussion of these results will be included. The relationship
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outlined between the cell variability and the failure to grow observed in some of the 
experiments will be looked into more detail. The reasons why it is belived that repeated 
batch cultivation induces this variability and hence the possible partial synchronisation 
observed in four of the twelve cycles where frequent sampling was performed will be 
discussed.
Chapter 5
Discussion of Results
5.1 Introduction
Chapter 4 described the results obtained from performing six cultivations using re­
peated batch to cultivate Schizosaccharomyces pombe in defined medium EMM3 at 30 
°C. The principle of this propagation method is to allow a cell culture to grow as a 
batch for a definite time (DCT) at the end of which a fraction of the culture is harvested 
(HF) and replaced with fresh medium. The HF and DCT are kept constant through 
the experiments, and hence, in principle, this process could carry on indefinitely. How­
ever, large variations in the cell and product concentration have been reported by many 
authors on different cell lines (Faraday et al., 1994; Fotuhi, 2002; Nishizawa et al., 1984; 
Seewoster and Lehmann, 1997; Stavroulakis et al., 1991b), which were also observed in 
some experiments included in the present study.
The main objective of this chapter is to discuss the results presented in Chapter 4 
and the possible reasons why variability in the cell concentration was observed even if 
HF and DCT were kept constant. Moreover, it is important to find the relationship 
between variability and the exponential growth or the possible partial synchronisation 
found in some of the cycles.
A description of the initial transient established in all of the experiments and the main 
characteristics exhibited by this period are described. This is followed by the classifica­
tion of the experiments according to the yield obtained; i.e. preliminary experiments, 
experiments with constant response, and experiments with variable response. These
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responses are then compared to some of the results obtained by Fotuhi (2002) followed 
by a discussion of the effect of the variability of HF and DCT on the culture. The next 
section discusses the frequent sampling results obtained and the implications for the 
culture of exhibiting, either exponential growth or partial synchronisation or both. To 
finish, the assumptions, additional findings and limitation of this study are discussed.
5.2 Initial Transient
A period was established at the beginning of each experiment which is characterised by 
a low final cell number compared to most of the rest of the cycles of the experiment. 
However, a monotonic and consistent cell growth was observed as the cycles pass. This 
initial period is referred to as the initial transient.
The main characteristic of the initial transient is that the cell growth should not be 
limited by the amount of glucose available. However, if the inoculum size is large and, 
as a consequence, the culture grows rapidly, the available glucose can be exhausted 
also very rapidly resulting in growth limitation. A large inoculum size was obtained in 
EXP4, 5 and 6 (see Table 9.4) and during these experiments the first time the glucose 
was completely consumed was in cycles 5 (EXP4) or 6 (EXP5 and EXP6).
In EXP3, where the inoculum size was smaller compared to the previous experiments, 
the glucose limitation was observed in cycle 7 which coincides with a peak in the cell 
concentration. In the case of EXP1, which also had a small inoculum size, the levels of 
glucose concentration were never as low as in other experiments and it was possible that 
the glucose concentrations had not been adequately determined as discussed below.
Despite the lack of glucose analysis in EXP2, it is possible that, due to the small 
inoculum size, the behaviour of the glucose concentration in the initial transient would 
have followed the same trend as that of EXP1 and EXP3; the cell growth may not 
be limited by the amount of glucose available due to the small number of cells in the 
reactor.
After the initial transient was finished and the glucose consumption reaches for the 
first time values close to zero, the persistent response started. The begining of this
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period was also marked by a peak in the concentration followed by a series of oscilla­
tions around an average cell concentration which vary in amplitude. The presence of 
these oscillations in the response of the culture may suggest that the system exhibits 
an under-damped response. In general, an under-damped system is characterised by 
presenting an initial overshoot, after which the system oscillates around a mean value 
and eventually settles down at that mean value. The initial transient is said to have 
passed when the oscillations cannot be detected reliably.
The complete and precise definition of an under-damped system cannot be applied to 
these experiments because the end of the oscillations cannot be clearly observed in 
these experiments. What is clearly observed is that the cell concentration reaches a 
maximum which can correspond to the initial overshoot. This maximum is observed 
at the end of cycle 5 or 6 in most of the experiments and it is very likely that this 
overshoot is part of the initial transient.
However, it is not possible to determine when exactly the initial transient ended since 
the oscillations sometimes seemed to carry on during the remaining cycles and it was 
possible that they should also be regarded as part of the initial transient. Indeed, in 
some experiments there was evidence that the oscillations around an average continue 
which could suggest that the system response at this point was still in the initial 
transient. This kind of phenomenon was readily observed in EXP5, where even after 39 
cycles, the final cell concentration did not seem to settle to an average value. However, 
in EXP3 and 6 these oscillations had a smaller amplitude than in the rest of the 
experiments.
In consequence, the evidence of a clear overshoot allows establishing the first 5 cycles 
as being clearly part of the initial transient, and for this work the initial transient of all 
the experiments has been set to last up to cycle 5, the remaining cycles are considered 
to be part of the persistent response.
The amplitude of oscillations observed in the experiments carried out are varied. As a 
consequence, the experiments have been classified in three different groups which are 
described next.
5.3. Classification o f Experiments 84
5.3 Classification of Experiments
The oscillations and the variability observed in the final cell concentration of the ex­
periments presented in this work have already been observed in other studies (Faraday 
et al., 1994; Fotuhi, 2002; Nishizawa et al., 1984; Stavroulakis et al., 1991a,b) where 
sudden catastrophic failure to grow was observed in repeated batch cultivations.
According to these studies, one of the main conclusions was that the HF and the 
DCT have a significant effect on the response of the culture and choosing the wrong 
combination can generate large variability in the cell and product concentrations. These 
two parameters should be chosen so that the resuspension occurs at the end of the 
exponential phase and the number of cells left in the reactor are the same as the 
inoculum size at the start of each cycle (Faraday et al., 1994; Fotuhi, 2002; Lin et al., 
2001; Stavroulakis et al., 1991a,b).
During this work, the DCT and HF were kept constant by the ASFM system developed 
by Fotuhi (2002) and described in Section 3.4.4 Chapter 3. The true HF (measured from 
the weight that was harvested from the culture) shows that, when measured, approxi­
mately the right amount of culture was being withdrawn from the reactor; i.e. 0.78 
±0.01 of the culture. However, the HF measured by cell and glucose concentration 
exhibited larger variations that those of the true HF (see Section 4.6).
Nevertheless, the effect of these oscillations and hence the variability of the culture after 
the initial transient was finished are readily visible; they have a direct effect on the 
performance of the experiments specifically in the yield; i.e. the cells produced divided 
by the glucose consumed. Table 9.18 presents the yield of all the experiments (EXP2 
lacks glucose concentration data and hence yield could not be calculated), together with 
the absolute uncertainty and standard deviation. From the table, it can be observed 
that the two highest yields corresponded to EXP3 and 6, followed by EXP4 and 5 and 
last is EXP1. According to the variability of the yield (standard deviation divided 
by the average yield), experiments with large yield did not have small variability; the 
smallest variability was obtained by EXP4. EXP3 and 6 had a medium variability 
compared to the other experiments.
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The variability of the culture, measured as the standard deviation of the average final 
cell concentration is presented in Table 9.19. This table shows that EXP3, 5 and 6 
produced almost the same final cell number, however, the variability was higher in 
EXP5 being about three times higher than EXP6. EXP1 and EXP2 have a large 
uncertainty due to the unreliability of the equipment to perform, and EXP4 has the 
largest variability of all the experiments.
According to the Tables 9.18 and 9.19, the experiments were divided into three groups: 
preliminary experiments (EXP1 and EXP2), which had a large uncertainty due to the 
operation of the equipment; constant response experiments (EXP3 and EXP6) which 
had the largest yield and the lowest final concentration variability; and variable response 
(EXP4 and EXP5) experiments which produced smaller yield and larger variability 
compared to that of variable experiments.
5.3.1 C onstant R esp on se  E xp erim en ts
It can be observed from Table 9.18 that the largest yield of all the experiments was 
obtained by EXP3 and 6 which also corresponded to the experiments with the smallest 
variability in the final cell concentration measured as the percentage of the cell concen­
tration after the initial transient (see Table 9.19). These experiments, categorised as 
constant response experiments, were characterised by obtaining the largest yield and 
relatively smooth and constant final and initial cell concentration profiles.
The final cell concentration after the initial transient was approximately constant in 
both experiments. However, it should be noted that in cycle 8 of EXP3 a decrease 
in the cell concentration occurred in response to a spillage of glucose solution before 
completing the addition into the reactor and the variability in Table 9.19 for EXP3 
does not take into account this cycle. Despite the lower glucose concentration available 
for this cycle, the cell concentration recovered showing also almost complete glucose 
consumption in the subsequent cycles (see Figure 8.13).
It also clear from Table 9.19 that EXP3 has double the variability in cell concentration 
of that of EXP6. It is suggested that as a result of the lower glucose in cycle 8, the 
approximately constant response of the culture may have been disturbed, however, it
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was not damaging enough to compromise the performance of the culture by leading 
the cells to a catastrophic failure to grow. The reason may be the cell concentration 
reached in cycle 7 where a large number of cells with high viability allowed the cells in 
cycle 8 to grow very rapidly without exhausting the glucose available .
Both, EXP3 and 6, showed that at the operating conditions of HF and DCT established, 
each cycle was beginning with approximately the same cell number. In addition, the 
variability at the end of each cycle was very small compared to that of the other 
experiments as it is observed in Figures 8.13 and 8.31 . This is the conventionally 
accepted behaviour of a repeated batch cultivation and these two experiments show 
evidence of the typical response depicted in Figure 3.6
It can then be suggested that the culture of these two experiments at this combination of 
HF and DCT was allowed to grow without entering a starvation mode and subsequently 
entering a quiescent state. It can also be suggested that the cells were resuspended 
approximately at the same point every cycle and as much as possible close to the end 
of the exponential phase. A large glucose consumption was also achieved as observed 
in Table 4.3
5.3 .2  P relim in ary and V ariable R esp on se  E xperim en ts
The opposite trend to that of the constant response experiments was observed in the 
remaining experiments (EXP1 and 2 and EXP4 and 5). During these four experiments 
it was observed that not only did they exhibit a large variability of the cell concentration 
and lower yield compared to that of the previous experiments but also some cycles 
exhibited a dramatic decrease followed sometimes by increases in the cell concentration. 
The phenomenon of dramatic and sudden decrease in the cell number is referred to as 
catastrophic failure to grow and although, in some cases, the cell concentration managed 
to increase, the result of the oscillations in the cell concentration were associated with 
lower yield compared to that of the constant experiments (Table 9.18).
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5.3.2.1 Preliminary Experiments
The preliminary experiments, EXP1 and EXP2, are characterised by exhibiting not only 
the largest variability in the cell concentration compared to all the other experiments 
(Table 9.19) but also the results are accompanied by a large unreliability. The potential 
causes of this uncertainty will be discussed later together with the variability of HF 
(Section 5.3.3).
Various aspects of EXP1 are very noticeable. The first one is the large variability 
of the cell concentration throughout the experiment which was associated with low 
yield compared to other experiments (see Table 9.18). Cycle 5 lacked a sample at the 
beginning of the cycle due to a failure in the sampling system. The same occurred 
again in cycle 13.
A considerable decrease in the initial cell concentration for cycle 7 was also noticeable 
(Figure 8.1). A possible error in the procedure when counting cells for this batch has 
been considered. Evidence for this can be seen in the glucose concentration and pH 
values for this batch. Neither the former nor the latter differ noticeably from the rest 
of the cycles and hence it is believed that the initial cell number for this cycle could 
have been similar to that obtained in cycle 6 or 5.
Another aspect is that, after the initial transient and for four cycles (6, 8-10), the 
initial and final cell concentration exhibited a tendency to decrease with a pretty similar 
number of cells produced and a similar glucose consumption. This tendency contrasted 
with the next five cycles (11-15) where a large peak in cycle 14 was observed. In this 
cycle a slightly higher initial glucose concentration resulted in the large number of 
cell produced. Cycle 15 had a similar glucose concentration, however, the cell growth 
was not fast enough to reach a cell concentration as large as the previous cycle. It is 
probable that at the end of cycle 14, cells were already at the end of the stationary 
phase and many cells may have died. When resuspended in the new medium, cells may 
have taken a long time to recover and a long lag phase could have been observed in 
cycle 15.
Cycle 16 lacked a sample at end of the cycle as a consequence of over-pressure created 
in the reactor when an exhaust gas blocked. Some medium was withdrawn prematurely
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from the reactor due to inadequate gas venting therefore causing the lost of the sam­
ple. No contamination was observed as a consequence of the withdrawn culture. The 
medium pumped out was replaced and a more efficient method was installed to provide 
a better exit of the exhausted gases allowing the experiment to continue. The filters 
that got blocked were replaced and more gas exits and pipe work were arranged so that 
condensate could be drained back to the reactor more easily.
However, the consequences of this premature medium replacement were detrimental 
for the culture and were observed only three cycles after the incident when the cell 
concentration decreased dramatically failing to grow for the last three cycles. The cell 
number recovered very rapidly and by cycle 18 the glucose consumption was almost 
as high of that in cycle 1§. However, cell concentration started to fall in the next two 
cycles but more dramatically in the three last cycles of the experiment. It is possible 
that this dynamic was caused by the incident in cycle 16.
As the medium was withdrawn prematurely in cycle 16, a large number of cells were left 
in the medium until the end of the DCT. This means that the glucose available ran out 
very rapidly and as a consequence cells entered and remained in the stationary phase 
for the rest of the DCT; some may have been held at a quiescent state and entered a 
pre-meiotic phase and others might have lost viability and died.
Many of the cells that were held at the quiescent phase were able to leave this state and 
start cycling again in the following cycles (cycles 17 to 19). However, cycles 17 to 23 
should exhibit long lag phases where cells were trying to recover the intracellulaf energy 
pools that were consumed when glucose was not available. If there is enough glucose 
around, the cells should recover and continue growing as normal. In this case, however, 
the damage caused to the culture was too big and many cells were not able to recover, 
leading the culture to a failure to grow. In the final four cycles, the glucose consumption 
differs greatly from the previous cycles; the small number of cells remaining may be 
consuming a large amount of glucose in order to recover from the quiescent phase.
EXP2 showed large variability due to the dramatic decrease in the cell concentration 
in cycles 7 to 10 and to apparently recover in cycle 11 (see Figure 8.8). On first sight, 
there seems to be no reasons why the cells should fail to grow, e.g. there was no
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malfunctioning of the equipment as in EXP1 which caused the operating conditions to 
be disturbed. However, it was noticeable that a smaller inoculum size was obtained 
compared to that of the other experiments. It is possible that, due to the small number 
of cells, the culture growth may have taken quite a long time before any significant 
increase was visible. When eventually the culture growth was observed, it could not 
be maintained for very long because the number of cells left in the reactor could not 
compensate for the harvested number of cells. In fact, after two cycles, the cell number 
decreased dramatically for three cycles, however, the culture managed to recovered and 
at the end of this experiment, the cell concentration increased.
One of the shortcomings of this experiment is that there is no glucose analysis or 
record of pH available. As mentioned previously, the glucose analysis kit used originally 
(Trinder method) was discontinued by the manufacturer. As a consequence, the yield 
could not be calculated, however, a lower yield than that of EXP1 could be expected 
judging from the small number of cells produced in each cycle compared to those of 
EXP1.
In addition to the malfunctioning of the equipment in EXP 1 and the small inoculum 
size in EXP2, the HF values reported for the two experiments show interesting issues. 
For these two experiments, the true HF results suggests that the process for harvesting 
and refilling the exhausted medium worked well, since the HF remained approximately 
at 0.78 over the three experiments where it was measured (0.78% ±  0.01% in EXP1 
and 2 and 0.79% ±  0.02% in EXP3). This value has been assummed to be the same 
for the rest of the experiments (EXP4-6).
A large variability was obtained from the HF calculated from cell and glucose con­
centration during both experiments and it never reached the 0.80 that was set up. In 
contrast, the HF calculated from glucose concentration exhibited a more stable response 
during some resuspensions reaching the set point. The causes for this variation will be 
discussed in Section 5.3.3.
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5.3.2.2 Variable Response Experiments
With respect to the other experiments, the uncertainty (as the standard deviation) 
and the variability of EXP4 and EXP5 were much lower compared to that of the 
preliminary experiments (EXP1 and 2) but the variability was higher than that of the 
constant response experiments (Tables 9.19). The problems with the cultivating system 
encountered during EXP1 and 2 were overcome and hence the uncertainty related to 
the equipment is lower.
In EXP4 and immediately after the end of the initial transient, a catastrophic failure to 
grow was observed during cycles 6 and 7 (Figure 8.20). This decrease was comparable 
to the decrease in the cell concentration of EXP2 in the sense that:
1. There seemed not to be any apparent and obvious cause for this decrease to 
happen.
2. It happened after a peak that lasts for a few cycles.
3. The culture recovered after this failure.
Despite this failure, the cell concentration recovered in the subsequent cycles up to a 
peak in cycle 10 where the concentration showed a more constant behaviour than in 
the previous cycles. The catastrophic failure to grow is the reason why this experiment 
is included in the variable group and due to the length of the experiment it is difficult 
to predict if the recovery of the cell concentration is persistent and maintained for any 
longer.
EXP5 was the longest experiment of all and the oscillations did not seem to settle at 
any given average cell concentration (Figure 8.24). An almost cyclic behaviour could 
also be observed; the final cell concentration profile increased almost monotonically 
to a peak to later decrease dramatically. After this decrease, the cell concentration 
recovered slowly producing another peak. This behaviour was observed around five 
times during the whole experiment. As in EXP4, the decrease in the cell concentration 
was not related to malfunctioning of the equipment. Cycle 7 lacked the final sample 
because no sample bottle was available at that moment.
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The true HF was not measured in these two experiments, however, from the results 
obtained in previous experiments, it is believed that the equipment was withdrawing 
and replacing the right amount of medium in every resuspension (Section 4.6, Chapter 
4). In contrast to EXP1 and 2, the HF calculated from cell concentration in EXP4 and 
5 exhibited a less variable behaviour and is much closer to 0.8. However, that did not 
seem to be the case with the HF calculated from glucose concentration where a larger 
variation was observed (Figures 8.21 and 8.25).
The particular feature of EXP4 and 5 was that the uncertainty observed in EXP1 and 
2 related to the equipment does not exit, although a large variability was observed. On 
first sight, there is no apparent reason for this variability; i.e. the decreases in the cell 
concentration in both, EXP4 and EXP5, were not related to the equipment and hence 
the variability must had been the result of another factor as was also noted by Fotuhi 
(2002).
5.3.2.3 Comparison w ith Fotuhi’s R epeated Batch Experim ents at 0.80 
and 12 hr.
Fotuhi (2002) cultivated S. pombe in repeated batch mode to investigate the effect of 
different DCT and HF on the performance of the culture. Two experiments (Run26 
and Run27) of ,S. pombe over 20 cycles were performed at, among other combinations, a 
HF =  0.8 and DCT =  12 hrs. A summary of some cultivation parameters are presented 
in Appendix F.
One of the main aspects observed in this study is that the initial transient was con­
sidered to last for only 2 cycles, in contrast with the five cycles that were established 
in the present work. Another aspect observed by Fotuhi is the large variability in the 
final cell concentration, with frequent decreases and recoveries of the concentration; an 
average standard deviation of 38% was reported. The decrease in the cell concentration 
was observed in various cycles; in Run26, this decrease was observed in cycles 2, 4, 9 
and 13j In Run27, it was observed in cycles 8, 9 and 13.
Due to the variability observed in the two cultivations, these results are comparable with 
the preliminary and variable response experiments from the present work. However,
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this comparison cannot be quantitative particularly for two reasons: different inoculum 
size and initial glucose concentration. In Fotuhi’s study, the initial cell concentration in 
both runs is 20xl06 cell/ml; whereas in this study, the maximum initial concentration 
reached is just above a million cells per ml during the variable experiments. The initial 
glucose concentration cannot be compared either; in Fotuhi’s study it is much lower 
than in the present study (less that 18 g/1). Another important factor is the control of 
pH; all of Fotuhi’s experiments were run without pH control, whereas from EXP1 and 
4, the latter has pH controlled.
An aspect that is common in both EXP4 and 5 and Fotuhi’s experiments is that no 
malfunctioning of the equipment was mentioned as a possible cause of this variability. 
It was suggested that as a result of using the ASFM system, used as well in the present 
study, it was possible to control the cultivation more efficiently and without the constant 
presence of an operator.
Although it was reported that the operating parameters of HF and DCT had been 
chosen to avoid the culture entering to the stationary phase, it was found that the final 
cell number was decreasing at the end of some cycles. This was observed when samples 
were taken two or three hours before the end of some cycles. This phenomenon was 
not addressed in Fotuhi’s study, however, it can be suggested that as a consequence of 
the cell numbers decreasing, the culture may have entered the stationary phase. As it 
will be discussed later, whenever a long stationary phase is exhibited by the culture, a 
long lag phase in the subsequent batch will be observed, as demonstrated by Seewoster 
and Lehmann (1997).
5.3 .3  P o ten tia l C auses o f  th e  V ariability  in  th e  H F  V alues
As mentioned previously, a large variability was obtained from the cell and glucose 
concentration, and as a consequence in the HF calculated from these parameters. This 
is readily seen in some experiments more than in others. However, when the true HF 
was calculated in EXP1, EXP2 and EXP3, it was found that the average HF value 
was very close to the desired value of 0.80 (calculated from the average HF among 
the three experiments) which indicates that the equipment is working at the set point
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established.
It is believed that the following could be the causes of the variability observed in the 
cell concentration and HFx calculated from cell concentration:
1. Cell numbers were not counted accurately, especially in the first experiments were 
the methodology of counting had not yet been mastered;
2. Cells were growing or dying during the resuspension and between sample collec­
tion
Analysing the HF from the cell concentration of all the experiments (Section 4.6, Table 
9.6 to 9.15), EXP1 and 2 had the largest variability, which may be attributed to the 
first point of the above list. The variability decreased from EXP3 onwards, suggesting 
that the process of cell counting was enhanced by experience. It is believed that the 
second point did not have an impact on all the experiments. Analysing the calculation 
of HF by cell concentration (Equation 4.3, Section 4.3), it can be deduced that if there 
was any cell growth before the samples were taken, the HF will decrease, and if cells 
die the HF would increase. In this way, the increase and decrease of the HF can be 
explained.
The variability found in the HF calculated from the glucose concentration was at­
tributed to the uncertainty of the glucose analysis itself. The volume of enzyme and 
buffer solution required to carry out the analysis was too large and, due to the large 
bulk of samples, it was necessary to scale down those volumes. As a consequence, recal­
ibration of some laboratory equipment was necessary resulting in some random errors. 
At this point it is also believed that protein interference may have occurred during the 
enzymatic reaction which distorted the results.
With respect to the DCT, the only case where an inappropiate dilution time could be 
considered to exist is in EXP1 in cycle 16 when a early discharge of medium occurred. 
The small volume of medium left in the reactor during cycle 16 may have reached 
a very large cell concentration decreasing the amount of glucose available, and as a 
consequence, some cells may have died. This results in a small inoculum size for cycle 
17 which did not consume all the glucose available, and as expected, a small final cell
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concentration was produced at the end of cycle 17. Although the cell concentration 
recovered in the subsequent cycle, the cell concentration decreased gradually from cycle 
19 and by the end of the experiment the growth exhibited a catastrophic failure.
5.4 Frequent Sampling
Frequent sampling of some cycles was performed in all the experiments and at different 
cycles (see Table 9.4). Some samples were taken every hour (in EXP1 and EXP2) and 
others every half an hour (EXP3 to EXP6). The results of the sampling are presented 
in Figures 8.7 to 8.35. It can be observed from the figures that two trends of cell 
concentration were obtained. The first trend corresponded to a roughly exponential 
increase in the cell concentration for the duration of the sampling time, such as the one 
observed in cycles 4, , 10 and 20 of EXP3, cycle 8 of EXP4, cycles 14 and 35 of EXP5 
and cycles 13 and 18 of EXP6.
The second trend corresponded to cycles exhibiting a step-like growth and includes 
cycle 28 of EXP1, cycle 6 of EXP2, cycles 10 and 38 of EXP5. This kind of growth is 
observed in partially synchronised cultures where the majority of the cells are the same 
age at the start of the cycle and the population behaves as an individual entity.
In order to see more clearly the two trends, the data for these cycles have were plotted 
in a semi-log (base 2) graph of X versus time and the results of a linear regression are 
presented in Table 9.20 and Figures 8. By definition, if the specific growth rate, p 
(hr-1 ) is exponential and it does not change during the growth phase, a straight line 
should appear with the slope corresponding to p (hr-1). In that case, when fitting 
a linear regression into the growth phase, the value of R2 should be very close to 1, 
indicating a good fit in the linear regression. In addition, the generation time Tc (hr) 
(calculated as the log of 2 divided by p) was also calculated from the values of p . The 
results are analysed next.
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5.4.1 E xp on entia l G row th  C ycles
On first sight, the results obtained from the plot of the log2 of the frequent sampling 
data show clearly that most of the cycles obtained a value of R2 close to 1 indicating 
a close fit to the linear regression. This may imply that most of these cycles exhib­
ited an exponential growth according to the value of R2 obtained. Furthermore, the 
experiments where the R2 was close to 1 corresponded to experiments with small cell 
concentration variability (see Table 9.19. It is the case of cycles of EXP3, cycle 14 and 
35 of EXP5 and cycles of EXP6.
The doubling time (T^) obtained also reflected the above relationship. The two cycles 
sampled during EXP6 obtained the smallest T c  compared with the rest of the cycles 
(1.70 hr and 1.78 hr). This short time may be the result of an efficient uptake of 
nutrients, not only during these cycles but also during the whole experiment, together 
with a small lag phase of about an hour. This was evident in the yield and variability 
obtained (Tables 9.19 and 9.18), being possible to determine that this cycle was the 
most efficient of all the experiments carried out in terms of cell production and glucose 
consumption.
Two cycles during EXP3 (4 and 20) exhibited a lag phase which apparently lasted for
2.5 hrs and a very rapid growth during the exponential phase (Figures 8.17 and 8.19. 
In this graph, the cell growth reached and passed the end of the exponential phase 
between hour 6 and 8 where a decrease in the cell concentration was observed. The 
log plot made this phenomenon more evident. However, it was also evident that the 
lag phase in cycle 4 was shorter than that observed in Figure 8.17. This fact may have 
contributed to the achievement of a smaller doubling time (2.04 hr) than that of cycles 
10 and 20. Cycle 10 had one of the largest doubling times, and can be observed that 
the growth rate started decreasing from around hour 4 compared, for example, with 
cycle 20.
Batches 14 and 35 from EXP5 had also a clear exponential growth according to the value 
of R2. These two batches were part of the recovery trend of the cell concentration after 
it had fallen considerably (see Figure 8.20). This decrease in the cell number occurred 
in batches 11 and 31 of the experiment. Although both batches were sampled for the
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same amount of time (6.5 hours) and seemed to have exponential growth, there is a 
difference between them; the last three samples taken in cycle 35 exhibit what it may be 
the beginning of a stationary phase whereas cycle 14 did not seem to have reached the 
end of the exponential phase. From the value of T'c, it is evident that the growth rate 
in cycle 35 is higher than in cycle 4, which indicated that efficient glucose consumption 
provoked the prompt initiation of the stationary phase which had an impact in the 
subsequent cycles; a decrease in the cell concentration was observed from cycle 36 to 
39. As suggested by Seewoster and Lehmann (1997), the longer the stationary phase 
of a cycle the longer will be the lag phase of the following cycle.
The recovery trend of EXP4 after a large decrease in the cell concentration was evident 
in cycle 8, since exponential growth was indicated by the fit during this cycle and the 
doubling time was comparable to that of cycle 4 (EXP3) < • ’ ' \  However,
both EXP4 and EXP5 were considered cycles with variable response, and some of 
the cycles in these experiments exhibited behaviour similar to that of EXP3 and 6 
considered as experiments with constant response. The rest of the cycles in EXP5 and 
those of EXP1 and 2 exhibited a different behaviour which is reflected in the value of 
R2, which was lower compared to that of the exponential growth cycles. This value of 
R2 may be the reflection of the partial synchronisation of the cell culture.
5.4 .2  P artia l Synchron isation
From Table 9.20, cycle 23 from EXP1, cycle 6 from EXP2 and cycles 10 and 38 from 
EXP5 obtained the lowest R2 compared to that of other cycles. These values suggested 
that the growth during this cycles was not exponential and the growth was rather 
step-like. As mentioned previously, this type of growth is characteristic of partially 
synchronised cultures.
From previous theoretical (Faraday et al., 1994) and experimental (Seewoster and 
Lehmann, 1997) studies, it has been suggested that synchronisation of the culture 
is detrimental for the product yield of the culture and as a consequence failure to grow, 
wash out, etc, could be exhibited by the culture (Faraday et al., 1994; Fotuhi, 2002; 
Seewoster and Lehmann, 1997).
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The causes of the partial synchronisation of cycle 6 in EXP2 are not very clear. It is 
certain that this cycle did riot have an exponential growth according to the value of 
R2 obtained and the large doubling time calculated, however, the increase in the cell 
concentration was not the step-like growth observed in cycle 23 of EXP1. This cycle 
was prior to a sequence of three cycles (cycles 8, 9 and 10) where a growth failure 
occurred. After cycle 10, the cell concentration seemed to start recovering but due to 
the duration of the experiment it was not possible to be sure that the concentration 
will recover completely or not.
The two remaining cycles, 10 and 38, of EXP5 exhibited the most interesting case. 
In the previous cycles to cycle 10 (cycles 7, 8 and 9), the culture reached high cell 
concentrations (see Figure 8.24). However, after cycle 10 a large decrease in the cell 
concentration in cycle 11 which corresponded to one of the lowest values in the final 
cell concentration of the whole experiment. The cell concentration recovered in the 
subsequent cycles up to cycle 16. During this recovery, samples were taken in cycle 
14 where an exponential growth was observed. A very similar behaviour occurred 
with cycle 38. Previous to cycle 38, frequent sampling was taken in cycle 35 where 
exponential growth was found. Also during cycle 35 a peak in the cell concentration was 
achieved. The cell concentration decreased for the next four cycles, cycle 38 included.
From the points raised above, two main conclusions can be withdrawn so far:
1. Experiments that exhibit very small cell concentration variability will also exhibit 
exponential growth. That is the case of EXP3 and EXP6.
2. Experiments which exhibit large variability in the cell concentration will exhibit 
two behaviours; i.e. some cycles will grow exponentially whereas other cycles will 
be partially synchronised.
In summary, exponentially growing cycles corresponded to those where a peak in the 
cell concentration was reached or when, after a failure to grow, the culture showed a 
monotonic increase in the cell concentration. However, it seems that partial synchro­
nisation was exhibited by cycles prior to a failure to grow or where a decreasing trend 
of the cell concentration was obtained.
The raise in temperature was caused by the addition of hot fresh medium that was not 
allowed to cool down before the resuspension took place.
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These conclusions can be applied to EXP4. The result of the frequent sampling in 
cycle 8 suggests that the growth was exponential, however, a large decrease in the cell 
concentration was exhibited during cycles 6 and 7. The sampling was performed after 
the drop in concentration and no synchrony was observed. However, some level of 
synchrony could be expected if sampling was performed before or during the two cycles 
where decrease in the concentration occurred.
5.4 .3  P o ten tia l C auses o f  P artia l Synchron isation
According to the points raised in the previous section, it can be suggested that the ex­
periments with the highest cell concentration variability; i.e. EXP1, 2 and 5, exhibited 
both exponential and step-like growth characteristic. This latter growth is characteris­
tic of partially synchronised cultures. On the contrary, experiments with low variability 
may have only exhibited exponential growth; i.e. EXP3 and EXP5.
The medium may be eliminated as a possible cause of these phenomena. In all exper­
iments, the medium was prepared by exactly the same method with exactly the same 
concentrations and in the majority of the cycles, the initial glucose concentration was 
between 16 and 20 g/1. However, in some cycles the initial glucose appeared to be lower 
than 16 g/1 and in some of these cycles a low cell concentration was also obtained and 
hence it may explain the partial synchronisation. Nevertheless, this was not true for all 
the cycles, since cycles with high cell concentration and even exponential growth also 
had low glucose concentration. For this reason, low glucose concentration in the fresh 
medium was not taken as explanation for the partial synchrony obtained.
Temperature can also interfere in the cell growth. In wild type cells, the optimum range 
of temperature is between 29 and 32 °C (Moreno et al., 1991; Nurse, 2006). During the 
cultivation, the temperature was kept always at 30 °C. During the resuspension, the 
temperature of the medium decreased to no less than 20 °C which does not represent 
any harm to the cell growth as the minimum temperature for growth of S. pombe is 
reported to be between 18 °C (Nurse, 2006). However, in R12 of EXP1 the temperature 
at resuspension increased to almost 42 °C which may have affected the growth of that 
cycle since the maximum temperature to grow S. pombe is 36.5 °C (Nurse, 2006). It
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is difficult to quantify the effect that the high temperature during this resuspension 
had on the rest of the cycles, since there is no cell concentration available for the end 
of that cycle. However, the large cell concentration in the following cycle may suggest 
that the consequence of the temperature increase was limited to cycle 12.
The results obtained between EXP3 and EXP6 are evidence that pH did not affect 
significantly the growth of S. pombe. Despite the lack of control of pH in EXP3, the 
culture still managed to obtain an approximately constant behaviour (see Figure 8.16). 
The same observation can be derived from EXP. A and 5; the control of pH in EXP4 
and 5 did not stopped the failures to grow (Figures 8.22 to 8.26).
An inoculum should contain 2-5 xlO7 cells/ml and it is recommended that an inoculum 
size of 10 ml per 1000ml of medium is added to a reactor to cultivate S. pombe in large 
volumes (Moreno et al., 1991). In a volume of 2 dm3 this value corresponds to 2-5xl05 
cells/ml. Referring to Table 9.4, the majority of the experiments are well above or 
within this value of inoculum size. Therefore, it can also be concluded that, in this 
case, inoculum size did not contribute to the synchronisation of the culture. It would 
be expected that an experiment with low initial cell number could induce the culture 
to washout; the number of cells removed from the reactor at resuspension is larger than 
the number of cells generated, hence the culture cannot be maintained. On the opposite 
case, if the inoculum size is too large, glucose may run out too rapidly inducing the 
cells to premature starvation. As observed in Table 9.4, EXP6 had the largest inoculum 
size, followed by that one of EXP4 and 5. The inoculum size of EXP3 was almost half 
that of EXP6. Therefore, it seems that the inoculum size can be elimiiiated as the 
cause of the synchronisation.
The final possible cause that may have contributed to the variability of the cell con­
centration was inappropiate values of HF or DCT values. High levels of variability 
with respect to the final cell concentration have been observed by many authors in 
experimental (Fotuhi, 2002; Nishizawa et al., 1984; Seewoster and Lehmann, 1997; 
Stavroulakis et al., 1991a,b) and theoretical studies (Faraday et al., 1994) which have 
attributed the variation in concentration to small variations or incorrect selection of 
HF or DCT even under specified and control growth conditions.
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Faraday et al. (1994) conducted theoretical analysis of the cell age distribution at the 
start and end of each cycle in a repeated batch cultivation of hybridoma cells. From 
this study, it was possible to conclude that the more homogeneous the age distribution 
at the end of a cycle the more successful the growth in the subsequent cycle. If cells 
grow too fast, depleting all the available glucose, cells will reached the stationary phase 
before fresh medium is replenished. Cells then will start accumulating in Gi or G2 
depending on the nutrient that was depleted. S. pombe cells get mainly arrested in G2 , 
where they spend 70% of their time or if deprived of glucose, or in Gi if deprived of 
nitrogen (Moreno et al., 1991; Nurse, 2006). They only get arrested in Gi if they are 
unusually small, since at the end of mitosis, cells in Gi should be big enough to go 
directly into the S phase.
Cells arrested in Gi or G2 consume all the available glucose and enter the quiescent or 
D phase before the dilution time is reached. This will result in a long lag phase and 
poor cell age distribution for the following cycle affecting the yield of that particular 
cycle. As the experiment progresses, the problem is accumulated cycle after cycle until 
partial or complete failure to growth is observed. If the dilution is performed just before 
the end of the exponential phase, the chances of depletion of glucose are eliminated and 
one possible cause of partial synchronisation can be eliminated too.
Another possibility for cells arrested in Gi or G2 is that viability may not be lost, hence 
cells do not die. In this case, and as a reponse to the poor environmental conditions, 
cells can enter a meiotic cycle and may eventually sporulate. However, during the 
process of cell counting under the microscope, no spores were observed eliminating the 
idea of complete meiotic reproduction throughout all the experiments.
Seewoster and Lehmann (1997) studied the most frequent cell diameter in cultures with 
long lag phase as a result of a previous long stationary phase. It was found that in such 
cycles, a peak in the most frequent cell diameter occurred during the late exponential 
phase and beginning of the stationary phase which was attributed to a synchronisation 
of the culture.
Both Faraday et al. (1994) and Seewoster and Lehmann (1997) suggested that, syn­
chronisation occurs if HF or DCT or both are incorrectly chosen. As a result, cells
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reached the end of the exponential phase and are held in Gi or G2 if conditions are 
not improved; i.e. nutrients are not replenished. However, in the present study it was 
proven that the HF, when measured, was very close to the 0.80 established. Although 
it has been assumed that the HF by weight is correct and the same for all the experi­
ments, it could be argued that the variation calculated (see Tables 9.6, 9.10 and 9.15) is 
enough to affect the culture and produce a poor cell age distribution. However, EXP3 
had a larger variability in the HF than EXP1 and still resulted in an approximately 
constant behaviour.
With respect to the DCT, this parameter was controlled and set exactly the same for the 
experiments, hence it can be eliminated as well. However, it is clear that the premature 
withdrawal of medium in cycle 16 of EXP1 is translated into an incorrect DCT, and as 
a result a poor cell age distribution in cycle IT led the cells to be arrested in either Gi 
or G2 extending the stationary phase. This created a very poor cell age distribution 
for the subsequent cycles, and hence the accumulation of the synchronisation could not 
be sustained by the culture driving it to a growth failure.
According to the point raised above, it may be suggested that the poor age distribution 
of the cells, where large variability was observed, was not caused by variations in the 
HF or DCT except for EXP1. The poor age distribution may be caused somewhere 
else during the experiment. In the Fission Yeast Handbook (Nurse, 2006), it is recom­
mended that for certain strains it is best to inoculate a larger volume with a pre-culture 
where cells are in the mid-exponential phase.
This suggests that the poor cell age distribution that affects the performance of the 
whole experiment may have been carried over from the initial inoculum. If the majority 
of the cells at the beginning of the experiment were already arrested in Gi or G2 it 
may explain why growth failure was observed so rapidly in EXP2 and EXP4, but also 
that there may have been enough viable cells to recover from the decrease. However, 
in order to prove this theory, it will be necessary to measure the age of the cells, the 
cells viability or the cell size in the initial cycles of the experiments. More importantly, 
these data should be taken from the inoculum of the reactor.
A final possible cause has to do with the chaotic nature of the system. Experimental
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evidence may have been gathered to show that, being a biological system, it is almost 
impossible to reproduced exactly the same conditions in every experiment and that 
some kind of variation is being induced in the cultures even under such controlled 
conditions. This small variations may make the cell concentration exhibit a variable 
response or a constant response every so often. However, it is not clear how much 
variation may have been induced in these experiments, since the evidence is quite 
contradictory as it has been discussed above. What can be concluded is that this 
system is very sensitive even in a very carefully controlled environment and process.
5.5 Assum ptions
The following assumptions were made during the run of the experiments:
1. The density of the culture is constant. As a result, the weight of culture withdrawn 
is equivalent to the volume
2. It was assumed that there was no growth or death of cells in the samples taken 
between emptying and refilling the reactor. When analysing the effect of these 
phenomena in the HF from Equation 4.3 (Section 4.3), it was found that when 
cell growth occurred before taking the sample, the fraction on the right of the 
equation will tend to become smaller, thus making HF bigger than 0.80. The 
opposite case took place when cells were dying before the sample is taken, the 
same fraction becomes bigger making the HF smaller than 0.80
3. No growth during the time the samples were left in the fridge. Cells were kept at 
around 4 °C and it is reported that S. pombe growth is affected ' at temperatures 
under 18°C.
4. Cells of S. pombe at the end of the mitosis phase are still together as the citokinesis 
occurs at some point in S phase. However, cells that appeared together under the 
microscope are counted as two separate cells.
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5.6 Additional Findings
In general, the pH decreases during the cultivation when cells are growing and metabo­
lites are being expelled into the medium, making the medium pH more acidic (for 
instance CO2 reduces the pH). It was observed that when the pH was not controlled; 
i.e. in EXP1 and 3, it decreased slowly first and later more rapidly during the initial 
transient. Once the initial transient was finished, the initial and final pH was approxi­
mately constant throughout. However, it was noticed that very close to the end of each 
cycle, a deceleration of the decrease of pH occurred. This decrease may be explained 
by the deceleration of the growth rate once approaching the end of the exponential 
growth. This phenomenon was also present in Fotuhi’s data but not discussed.
In addition, Fotuhi took samples when approaching the end of the cycle and it was 
observed that in some cycles the decrease in the cell concentration coincided with the 
deceleration of the pH decrease rate. It is probable that the value of pH may also be 
used to predict when cells are approaching the end of the exponential phase and hence 
the process of resuspension with fresh medium should start.
5.7 Limitations of the Experim ents
One of the main limitations that the experiments have is the glucose analysis. During 
EXP1, it is presumed that the glucose concentration kit used had some defect. From 
the original data, the numbers obtained were not comparable with any of the other 
experiments, however, the data was exhibited the trend expected; i.e. a comparable 
initial concentration and glucose consumption between cycles. It was decided to nor­
malised the concentration with respect to the initial concentration in order to eliminate 
the uncertainty associated with the absolute values.
In the case of the other experiments, the initial glucose concentration did not reached 
the values expected. In the majority of the cycles after the initial transient, the culture 
consumed almost all the glucose available. Consequently, it was expected that the 
initial glucose concentration for the following cycle would reach about 16 g/1 at a HF
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of 0.80 if the medium used for refilling the reactor had a concentration of around 20 
g/1. In some cycles this was not the case.
However, as the medium was always prepared in exactly the same way and when the 
initial glucose was low no apparent consequences were observed, it is believed that the 
small volumes that were used together with the lack of appropriate instruments created 
large uncertainty in the measurements of glucose.
5.8 Concluding Comments
This study has shown that the variation reported previously in other studies in the 
final cell concentration was also observed in some experiments presented in this study; 
EXP1, 2, 4 and 5. It was also found that the remaining experiments exhibited a more 
constant response; EXP3 and 6.
When performing frequent sampling in seven cycles during the experiments with larger 
variability, it was found that partial synchronisation was exhibited in four of them. 
More surprisingly, exponential growth was also obtained in the three remaining cycles. 
When frequent sampling was done during EXP3 and EXP6, no synchronisation was 
found; the growth during these cycles was exponential.
It is concluded that experiments which exhibited a large variability in the cell con­
centration may exhibit partial synchronisation as well as exponential growth as was 
found in EXP5. However, partial synchronisation coincided with catastrophic growth 
failure in the subsequent cycles. It is suggested that cycles previous to a decrease in 
the cell concentration may have some level of synchronisation that increases as more 
cells are held in Gi or G2 . These cells may also enter Go or a pre-meiotic phase and 
the longer they remain in this state the more difficult it is for them to jump back into 
the cell cycle. It is important to note that no spores were observed during any of the 
experiments.
It was also found that the large variability was not the result of significant variations 
of HF or DCT; the same combination of HF and DCT was used in all the experiments 
and ,whenever it was measured, the HF was always very close to the proposed value of
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0.80. The medium was also eliminated as possible cause as sufficient fresh medium was 
added to the reactor at every resuspension. Neither the temperature nor the pH had an 
effect on the culture as the cultivation period was always operated at the permissible 
temperature and pH values. pH control does not seem to have an effect on the results 
obtained. For instance, in EXP3 and EXP6, constant response was obtained in both 
experiments regardless of pH control.
In previous studies, it has been suggested that the main cause of variation in the cell 
concentration is the cell age distribution (Faraday et al., 1994). When cells are held 
for too long in Gi or G2 cells are not evenly distributed around the cell cycle which 
causes long stationary phases and subsequently long lag phases in the following cycle. 
Finally, it was observed that experiments with low or no variabilty did not exhibit 
partial synchronisation.
The above observations and conclusions lead to the idea that a process control strat­
egy that can reliably estimate the cell age distribution is necessary. From this work, 
experimental evidence of the cell cycle related problems in repeated batch cultivation 
have been presented.. A preliminary work on a control strategy that can control these 
problems has already been propbsed using a model based strategy; the model-based 
observed proposed by Araujo (1998) and explained briefly next.
M od el-B ased  O bserver C ontrol
Modelling is an easy and cost effective way of obtaining online information about a 
cultivation system which can be used to monitor key operating process variables as 
long as the model is a good representation of the system. The model-based observer 
(MBO) is an alternative proposed for the control of repeated batch cultivation and its 
principle is shown in Figure 7.
This control system was tested by Araujo (1998) on a simulated culture of hybridoma 
cells mm321 that accounted for a single checkpoint. Using a model of the culture, the 
cell age distribution of a culture can be predicted. Such models have already been 
developed by Faraday et al. (1994) and modified by Rodriguez (2004) for S. pombe. 
This model accounts for the different cell cycle phases, transition between those phases,
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death phase, the two known checkpoints and a pre-meiotic Go phase. It predicts precise 
values of HF and DCT by calculation of cell number, oxygen and glucose consumption 
as well as carbon dioxide and ATP production.
In general, the MBO uses the specific model of S. pombe to estimate the cell age 
distribution (that is not available directly) from measurements of, for instance, O2 
or CO2 taken from the system. These variables are used as inputs to a conventional 
feedback controller to drive the process to a desired performance; i.e. carry out the 
resuspension of the culture before a poor cell age distribution occurs.
In Figure 7, two distinct feedback loops can be identified: the process loop in blue 
and the model loop in green. These loops are interconnected as indicated in red; 
disturbances to the system are shown in brown. The process loop consists of a standard 
feedback loop, where the process controller manipulates process parameters according 
to the set point error, driving the process output to the desired set point.
In the model loop, the model acquires the same disturbances as the process producing 
an output which is compared with the process output. The model adaptor modifies 
model parameters dependent upon the difference between the desired value of the model 
output and the real output of the system; minimising the error relative to the process 
output. Once the model error is minimised, the model calculates the cell age distribu­
tion and the best HF and/or DCT for the following cycle to achieve a homogenous age 
distribution. This information will be fed into the process controller, and when needed, 
the controller will act on the process adjusting the operating conditions.
The interaction between the process and model loops allows information from the model 
to be used by the process controller and the model to be updated on the basis of the 
actual process behaviour. As can be seen in the MBO schematic, the process parameters 
are employed as input not only to the process but also to the model. The model is 
updated by comparing the model output to the process output and, thus, mismatches 
between the model and the process can be identified and reduced by the model adaptor.
Chapter 6
Conclusions and 
Recommendations
The cultivation of the yeast Schizosachharomyces pombe (S. pombe) in repeated batch 
has been carried out in the present study. The main objective of this dissertation is 
to verify the existance of the variations in the cell and glucose concentration when 
using repeated batch mode reported in the literature which affect the productivity of 
this process. In particular, it is desired to find experimental evidence of cell cycle 
related problems when cultivating S. pombe in repeated batch. The literature reviewed 
in Chapter 2 revealed that variations in the cell and product concentration have been 
observed and reported, however, very little was found directly relevant to the present 
research study. The most relevant theoretical study is presented by Faraday et al. (1994) 
and the experimental studies by Fotuhi (2002); Nishizawa et al. (1984); Seewoster and 
Lehmann (1997); Stavroulakis et al. (1991b).
The cultivation system used to carry out the present study, and described in Chapter 
3, was an adapted version of the one developed by Fotuhi (2002). This system was 
modified, mainly by migrating to a new fermenter system whilst keeping all the elec­
tronic parts, i.e. the automatic sampling feeding and monitoring system developed by 
Fotuhi (2002).
Chapter 4 and 5 include the data and discussion on the results obtained when running 
the cultivation system described previously and it was found that some experiments did 
indeed exhibit the variations reported. However, at the same conditions, some other
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experiments showed little or no variation at all. By performing frequent sampling 
within some cycles, variable experiments sometimes exhibited partial synchronisation, 
whereas, constant experiments did not show any apparent partial synchronisation while 
frequent sampling was performed. These conclusions are reviewed in more detail on 
this chapter.
Repeated batch cultivation has been used extensively to enhance productivity and pro­
cess performance. However, cycle to cycle variations of cell and product concentration 
make this propagation method a less attractive alternative over the traditional propa­
gation methods. Theoretical studies of the cultivation of the hybridoma cell line mm321 
in simulated repeated batch cultivation (Faraday et al., 1994) have suggested that the 
periodic variations in the cell concentration and the phenomenon of growth failure are 
caused by variation in the cell age distribution, that in turn, is caused by selecting 
the wrong combination of the dilution cycle time (DCT) and the harvest fraction (HF) 
or both. Furthermore, experimental cultures of S. pombe in repeated batch mode by 
Fotuhi (2002) also exhibited variations in cell concentration and it was suggested that 
the age distribution was responsible for these variations. However, this explanation 
was not based in any actual proof and it was considered purely speculation. In fact, 
no experimental data has been found in the literature to date that could explain and 
prove the causes of the variations observed in repeated batch experiments, therefore, 
this is the first experimental study that has shown the origins of these variations.
Six repeated batch cultivations of S. pombe were carried out at the same conditions 
of HF and DCT (0.80 and 12 hrs respectively). These parameters were kept constant 
throughout the six experiments. Samples were taken at the beginning and end of each 
cycle; i.e. before and after resuspensions. In addition, samples were taken every hour 
or every half an hour during some cycles. During the cultivation period, temperature 
was kept constant and monitored at 30°C; pH was monitored in all experiments but 
controlled only in some at pH 5.6. The results obtained suggest that for the cultivation 
of S. pombe the control of pH does not seem to have any effect on the culture perfor­
mance. However, when the pH was not controlled, the rate of drop in the pH, due to 
the cell number increase, slowed down in the final stage of each cycle. It was suggested 
that there seems to be a relationship between the decrease in the rate of drop in the
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pH and the approach of the cells in the culture to the stationary phase.
Cycle to cycle variation was observed in four of the six experiments confirming the 
reports of other authors with respect to the variations when cultivating different cell 
cultures in repeated batch. However, it was also found, that under the same operat­
ing conditions, small or no cell variation was also obtained in two of the remaining 
experiments. It also seems that, once the culture starts exhibiting one or the other 
behaviour, the pattern is stable and the culture is prone to carry on with the be­
haviour chosen. The average yield, Yx /s> calculated as the cells produced divided by 
the glucose consumed, revealed also another pattern; the experiments with the largest 
variability showed smaller yields compared to that of experiments with small variation 
in cell concentration.
Frequent sampling was carried out during twelve cycles throughout the six experiments 
and from the results obtained there is evidence to suggest that:
• the behaviour of repeated batch cycles can exhibit constant or variable response,
• in constant response experiments, no partial synchronisation is observed,
• in variable response experiments, partial synchronisation is observed sometimes,
• when partial synchronisation is observed, it preceeds catastrophic growth failures 
or considerable decrease in the cell concentration
• during the recovery from a failure to grow, no partial synchronisation is observed
As stated previously, repeated batch cultures are critically dependent on the HF and 
DCT, and inappropriate values of HF and DCT may result in a decreased culture 
performance as a consequence of a poorly distributed cell age. During the experiments 
carried out in the present study, the DCT was kept constant over all the experiments, 
except in one cycle during EXP1 (cycle 16). In this one cycle, as a consequence of an 
early culture withdrawn, the glucose was exhausted long before the next resuspension. 
This had a detrimental effect upon the performance of the culture in the subsequent 
cycles of the experiment.
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Cells left without nutrients for too long will enter starvation and get arrested in either 
Gi or G2 and the longer they remain in this state the more arrested they can become 
with the danger of entering a pre-meiotic stage or even a death phase. Another reason 
for the cell concentration to decrease can be the accumulation of inhibitors that can 
create poor growing conditions. Either argument can potentially explain the decrease 
in the cell concentration observed in the last cycles of EXP1 which ended in the partial 
synchronisation of cycle 23. It is possible to suggest that this partial synchronisation 
was trigger from cycle 16, accumulating more and more in the following cycles until 
the catastrophic growth failure in the last cycle of the culture was evident.
With respect to the true HF, defined as the volume fraction of culture withdrawn from 
the reactor at every resuspension, it was found that the equipment was working properly 
and harvesting and replacing nearly 0.80 of the culture at every resuspension. The small 
variation observed in its value seems to be acceptable and it did not seem to affect the 
performance of the culture. However, it is possible that cells were dying or growing in 
the intervals between exchange of medium and sample taken which could explain the 
variation of HF obtained by calculation for both cell and glucose concentration.
Glucose concentration was also measured during five of the six experiments. As the 
growth limiting substrate, it was important to monitor its behaviour; if the glucose is 
completely consumed before the resuspension occurs, the culture is prone to enter a 
stationary phase or starvation mode unless fresh medium is replenished.
Among the adverse effects of partial synchronisation, the average cell size of the cell 
population is also influenced by this phenomenon (Seewoster and Lehmann, 1997). Cell 
size can also be used to some extent as an indicator of cell age especially in S. pombe 
since passage through the cell cycle is highly dependent on cell size. Seewoster and 
Lehmann (1997) demonstrated that a shift in the average cell size occurred during 
experiments where a long stationary phase was followed by a long lag phase in a sub­
sequent cycle in a repeated batch culture of CHO cells. It was suggested that only 
synchronised cell populations show short-term and sharp changes in the cell size. Ac­
cording to this study, it could then be suggested that whenever partial synchronisation 
was observed in the frequent sampling, a poor cell age distribution and a peak in the
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most frequent cell size may have occurred.
If it is assumed that the variations in the HF were not the cause of the synchronisation 
of the cells, then the reason for this kind of behaviour in a culture may come from 
another source. At this point, it is not clear why the culture chooses to follow an 
oscillating or non-oscillating behaviour and as a consequence obtain an exponential or 
partially synchronised growth within a cycle, but it is clear that once that behaviour 
was established, the culture did not seem to shift between one and another behaviour. 
A possible explanation is suggested; the beginning of the initial transient may set the 
dynamics of the rest of the culture being extremely influenced by the cell age distribu­
tion of the inoculum. It is possible to think that if the age distribution of the inoculum 
is heterogeneous, the culture may be prone to instability and partial synchronisation. 
However, if the age of the cells in the inoculum is largely distributed evenly around the 
cell cycle, the population may have more chances of successful uniform growth in the 
subsequent cycles.
The observations made above have some implications on several features when running 
a repeated batch cultivation like sampling procedures and process control that will be 
discussed as part of the suggestions for future work later in this chapter.
6.1 Overall Conclusions
The objectives of this work have been met in that:
a. An experimental study has been undertaken using the automatic sampling feed­
ing and monitoring system (ASFM) developed by Fotuhi (2002) to investigate 
repeated batch cultivation of S. Pombe under the operating conditions chosen.
b. The ASFM system has been modified, tested and transfer to a new bioreactor where
all the cultivations took place.
c. Frequent sampling was undertaken in order to study in more detail the behaviour
of the system during selected cycles.
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d. Quantitative data has been obtained such as cell and glucose concentration, tem­
perature and pH. Derived data from these direct measurements have also been 
obtained such as true HF, HF from cell and glucose and cell concentration yield.
e. The relationship between the data obtained has been established and related to
the variability predicted by Faraday et al. (1994) and observed by Fotuhi (2002); 
Nishizawa et al. (1984); Seewoster and Lehmann (1997); Stavroulakis et al. (1991b).
The new key observations derived from this study can be summarised as:
a. Variability in the cell concentration was observed when cultivating S. pombe in
repeated batch cultivation even under constant operating conditions.
b. It is also possible for a culture to exhibit small or no variability in the cell concen­
tration from cycle to cycle.
c. Once the culture establishes a variable or non-variable response, this behaviour is
maintained throughout the experiment and it does not seem to shift between one 
response and the other.
d. In the cultures with large variability, partial synchronisation is not observed im
cycles following a large decrease in the cell concentration, whereas, the opposite 
is observed in cycles previous to a growth failure, i.e. partial synchronisation is 
accumulated from one cycle to the next until the culture cannot sustain it and 
the growth failure is evident.
e. Partial synchronisation may induce failure to grow as a consequence of the poorly
distributed cell age distribution. In addition, the yield of the culture is affected 
by the variability of the cell concentration induced by the partial synchronisation.
6.2 Future Work
In order to obtain more information from the cultivation the following modification 
should be carried out in the bioreactor:
C9> In order to allow the results of this work to be used in other processes or to in­
dustrial scale operation, factors such as reactor size and configuration, mass and 
heat transfer mechanisms and mixing strategies are vital when scaling up a pro­
cess. Typical scale-up problems result from inadequate interphase mass transfer 
or removal of heat from the reactor, and from non-uniform temperature and con­
centration profiles in the reactor. Other factors include unexpected behaviour of 
the biomass such as flocculation, foaming or growth on the reactor wall above the 
liquid due to splashing (Leib et al., 2001).
It should also be considered the possibility of studying the product of the fer­
mentation as well as the cell and glucose concentration. Observations of cell and 
glucose concentration are relevant to processes in which the main product of the 
fermentation is the biomass production. However, in many processes, the interest 
is focussed in the exploitation of the potential of some microrganism to convert 
different substrates into metabolic products.
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a. Dissolved oxygen and carbon dioxide probes should be implemented to the bioreac­
tor. This information is needed in the model proposed by Rodriguez (2004) to 
obtain the predicted cell age distribution of the culture.
b. At the moment, the air flow that feeds the reactor is not controlled but only mea­
sured by a rotameter. As a control measurement, it is suggested to use a control 
valve that can guarantee a constant flow of air into the reactor.
c. The procedure for estimating the glucose concentration should be evaluated. A
faster and simple way of obtaining these values should be used, such as online 
measurement of glucose concentration in order to obtain more information that 
can be usedto characterised more precisely the glucose consumption of this par­
ticular culture.
d. It is suggested that the fresh medium is pre-heated before being added to the reactor
in order to decrease the temperature shock, especially in the cold months.
e. The measurement of the true HF is done by weighing the medium withdrawn from
the reactor. It is proposed that, for a new setting, the bioreactor level indicators 
are modified for more accurate sensors and implemented into the equipment as 
well as replacing the peristaltic pump for a newer model. This will eliminate 
the need to measure manually the weight withdrawn and the remaining small ; 
uncertainty derived from this parameter can be completely eliminated. It can 
also be proposed that the weight of the kill tank and reactor could be measured 
and logged.
f. The possibility of shortening the resuspension time should be considered. This could
be achieved by implementing an updated controller system that can be switched 
on and off faster. This may eliminate the growth and death of cell during resus­
pensions which affect the HF calculated from the cell and glucose concentration.
9-
With regard to the sampling procedure:
a. It is recommended that cell concentration should be monitored routinely during a 
cycle. This is particularly important in fast growing cell lines like S. pombe be­
cause important events may occur unobserved which can change the behaviour of
. Online methods for measurement of the density of a cell culture include turbidityI '
measurements which employ the amount of light scattered by a suspension of 
cells. The turbidity or optical density of suspensions of cells is directly related to 
cell mass or cell number which requires the construction of a calibration curve.
; The method is simle and nondestructive, but the sensitivity is limited to about 
107 cells per ml (Doran, 1995)
i n  Another measurement that can be useful to characterise the culture is the viability
I of the cells which refers to measurements of living yeast cells that have not lost the
ability to reproduce. This is particularly important when reaching the end of the 
cycle when the danger of running out of glucose can lead cells into the death phase. 
The assessment of viability can be very useful for predicting and controlling yeast 
jl activity during industrial processes and can be assessed by a variety of methods -
; such as; plate count, vital stains, metabolic activity, intracellular pH etc. (Walker,
: 1998).
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the entire culture such as the onset of the stationary phase before a resuspension 
occurs. Sampling should also occur as frequently as the shortest phase of the 
cell cycle so as to establish more accurately the behaviour of the population with 
respect to the cell cycle. However, in practice, this may be a time consuming 
and resource exhausting if done manually, but easier to carry out when online
14.) .
measurements are in place, such as culture density or glucose sensors. It is rec­
ommended as well that frequent samples should be taken a few horns before the 
end of a cycle and especially in those cycles where frequent sampling is not carried 
out. This will allow knowing the stage at which the cell population is before the 
resuspension occurs.
b. Measurement of the cell size can provide important information about the age of the
cell population. As suggested in Chapter 5, one of the potential causes of partial 
synchronisation may be the cell age of the inoculum, therefore, it is recommended 
that cell size is obtained using a Coulter Counter or equivalent equipment. In 
addition, the cell size of the initial cycles of an experiment should be measured. 
When counting cells with this device, it should be taken into consideration the 
fact that separation of mother and daughter cells in S. pombe does not occur until 
the end of the S phase. In  addition, it is important to consider that S. pombe 
cells are not cylindrical and as the pass through the sensor chamber they can be 
partially orientated, making this task a non-trivial exercise. (20
c. As mentioned previously, it is suggested that poor cell age distribution of the in-
ociilum may be one of the causes for partial synchronisation in the subsequent 
cycles. It is then suggested that the inoculum should also be tested for cell size 
in the Coulter Counter or equivalent equipment.
With regard to the process control: It is clear that achieving a homogeneous age distri­
bution contributes to a high product yield avoiding the partial synchronisation of the 
cell culture. Manipulation of this parameter can be done by ^/correct selection of the 
HF and DCT. However, even if the correct parameters are selected and kept exactly 
the same during a cultivation it is possible to obtain a poorly distributed culture. It 
could then be useful to be able to predict the cell age distribution and resuspend the
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culture at the end of the exponential phase or early stationary phase instead of using 
a pre-establised and fixed DCT.
An alternative has been proposed; the use of a model-based observer control, where 
information about the culture can be fed into a model which infers the age distribution 
at any point of the fermentation. In turn, this information is fed into a controller that 
acts onto the cultivation system anticipating or delaying the resuspension according to 
the prediction of the age distribution. This principle has been developed by Araujo 
(1998) and was explained in Chapter 5.
It is necessary to compare the results of the present study with the results obtained 
when the MBO has been implemented to determine the effectiveness of the controller 
and prove that once the MBO has been implemented, cultivations can be carried out 
for long periods of time with little or no variation in cell concentration or productivity 
from cycle to cycle.
It is suggested that the model proposed by Rodriguez (2004) should include the data 
obtained in this study and to run the model for longer periods of time in order to find 
if the variability found in the present study can also be simulated.
Finally, it is believed that the work developed in this dissertation brings new insights to 
a commonly overlooked propagation method that, when used, could enhance the overall 
productivity of a bioprocess. The results presented in this dissertation can contribute to 
the understanding of fundamental problems encountered when using this propagation 
mode. It is expected that these results combined with some or all of the recommended 
work suggested can also contribute to the future technology of cell culture.
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Figure 7.1: Glucose fate in yeast cells, Krebs Cycle and fermentation processes.
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Figure 7.2: Cell cycle of Schizosaccharomyces Pombe. a) Proposed cell cycle of the 
fission yeast S. pombe. b) Photographs of DAPI stained S. pombe\ 4’,6-diamidino-2 
phenylindole, which is used to visualise nuclear DNA. Taken from Forsburg Laboratory, 
http://www-rcf.usc.edu/ forsburg/main2.html
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Figure 7.3: Replicated and unreplicated DNA in the cell cycle of S. pombe. The light 
and dark blue and nuclei represents unreplicated and replicated DNA respectively. 
Adapted from MacNeill and Nurse (1997)
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Figure 7.5: Polarized growth at the ends of S. pombe. Adapted from Walker (1998)
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Figure 7.6: Prediction of viable cell concentration and cell viability for a DCT of 45hr 
and HF 80% (Faraday et al., 1994)
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Figure 7.7: Expected response of growth parameters for Bombyx mori cell culture with 
three different HF. Adapted from (Stavroulakis et al., 1991b)
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Figure 7.8: Growth-phase-related variations in cell size during a repeated batch culti­
vation in a 1L SuperSpinner system (bl=  batch 1) (Seewoster and Lehmann, 1997)
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Figure 7.9: Neubauer Haemocytometer, front and side view. Cells in squares A, B, C, 
D and E were chosen to be counted.
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Figure 7.11: Bioreactor system used for repeated batch cultivations
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Figure 7.12: Repeated batch cultivation; PFD - Liquid streams only
124
Pump 1 
(Higher level)
Heater
Solenoid
SV1
Timer 1
Pump 1 
(Lower level)
Timer 2
Sample Collector * --------------------
Timer 3 
Automatic 
sampling
------ " ----- /
T ▼
Level Solenoid
controller SV2
Pump 2
(a) (b) (c)
Figure 7.13: Automatic feeding unit connections, (a) Timer 1, (b) Timer 2 and (c) 
Timer 3
D
is
tu
rb
an
ce
s
125
Disturbances
Process
Process output
Manipulated process 
parameter
Temperature.
pH
Action of 
ASFD
Manipulated model 
parameter
M l
Controller
Model
Adaptor
Model
Set point
HF. DOT, 
cell age 
distribution
Additional
information
DO. C 02
S. X. pH. 
DO, C02, 
temperature
Figure 7.14: Schematic of the model-based observer (MBO) controller strategy.
A dapted from Araujo (1998).
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Figure 8.1: Cell Concentration, EXP1
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Figure 8.2: Glucose Concentration, EXPl
Cycle number
Figure 8.3: HP Calculated froffl the W  ,
6ig t °f  Culture Harvested, EXPl
0.9
0.8
0.7 \ 
o  I 
0.6
S 0 .5 f
0.4,
0.3
0.2 ,
cyde number .
128
Figure 8.4: HF Calculated by a) Cell Concentration b) Glucose Concentration, EXPl
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Figure 8.6: Detail of the temperature profile in R12, EXPl
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Figure 8.8: Cell Concentration, EXP2
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Figure 8.12: Cell Concentration for Frequent Sampling, EXP2 - Cycle 6
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Figure 8.14: HF Calculated from the Weight of Culture Harvested, EXP3 
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Figure 8.15: HF Calculated by a) Cell Concentration b) Glucose Concentration, EXP3
0.9
0.7
0.6
0.3
0.2
0.1
Cycle number
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
Cycle number
138
Figure 8.16: Temperature and pH Recorded, EXP3
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Figure 8.17: Cell Concentration for Frequent Sampling, EXP3 - Cycle 4
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Figure 8.18: Cell and Glucose Concentration for Frequent Sampling, EXP3 - Cycle 10
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Figure 8.19: Cell and Glucose Concentration for Frequent Sampling, EXP3 - Cycle 20
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Figure 8.21: HF Calculated from a) Cell Concentration b) Glucose Concentration, 
EXP4
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Figure 8.22: Temperature and pH Recorded, EXP4
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Figure 8.23: Cell and Glucose Concentration for Frequent Sampling, EXP4 - Cycled
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Figure 8.24: Cell and Glucose Concentration, EXP5
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Figure 8.25: HF Calculated by a) Cell Concentration b) Glucose Concentration, EXP5
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Figure 8.26: Temperature and pH Recorded, EXP5
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Figure 8.27: Cell and Glucose Concentration for Frequent Sampling, EXP5 - Cycle 10
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Figure 8.28: Cell and Glucose Concentration for Frequent Sampling, EXP5 - Cycle 14
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Figure 8.29: Cell and Glucose Concentration for Frequent Sampling, EXP5 - Cycle 35
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Figure 8.30: Cell Concentration for Frequent Sampling, EXP5 - Cycle 38
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Figure 8.31: Cell and Glucose Concentration, EXP6
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Figure 8.32: HF Calculated by a) Cell Concentration b) Glucose Concentration, EXP6
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Figure 8.33: Temperature and pH Recorded, EXP6
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Figure 8.34: Celland Glucose Concentration for Frequent Sampling, EXP6 - Cycle 13
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Figure 8.35: Cell and Glucose Concentration for Frequent Sampling, EXP6 - Cycle 18
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Figure 8.36: Semi-log Plot. Cycle 23 - EXP1
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Figure 8.38: Semi-log Plot. Cycle 4 - EXP3
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Figure 8.40: Semi-log Plot. Cycle 20 - EXP3 
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Figure 8.41: Semi-log Plot. Cycle 8 - EXP4
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Figure 8.42: Semi-log Plot. Cycle 10 - EXP5
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Figure 8.44: Semi-log Plot. Cycle 35 - EXP5
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Figure 8.45: Semi-log Plot. Cycle 38 - EXP5
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Figure 8.46: Semi-log Plot. Cycle 13 - EXP6
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Tables
Table 9.1: Generation Times of Haploid Cells at Different Temperatures. (Nurse, 2006).
M edium T em p era tu re  (°C) G enera tion  Tim e
Y E 25 3h
29 2h 30 min
32 2h 10 min
35.5 2h
EM M 2 25 4h
29 3h
32 2h 30 min
35.5 2h 20 min
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Table 9.2: Edinburgh Minimal Medium EMM3m for Fission Yeast S. pombe
Component 1  dm3 of stock solution 1 dm 3 of EMM3m
SALTS
MgCl2 .6H20 52.5g
CaCl2 .2H20 0.73g 2 0  ml
KCL 5.7 g
Na2S04 2  g
NITROGEN BASE
NH4 CI 5.7 g
KH Phthalate 3.4 g 878 ml
Na2HP04 2.5 g
MINERALS
Boric Acid 0.5 g
MnS04 0.4 g
ZnS04 .7H20 0.4 g
FeCl2 .6H20 0 .2  g
Molybdic acid ' 0.04 g
KI 0 .1  g 1 ml
CuS04 .5H20 0.04 g
Citric acid 1 g
VITAMINS
Inositol 1 0  g
Nicotinic acid 1 0  g
Ca panthothenate 1 g
1 ml
Biotin 0 .0 1  g
D glucose 2 0 0  g 1 0 0  ml
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Table 9.3: Description of Events During each Resuspension Carried Out by the AFSM 
System
E vent
num ber
D uration D escrip tion
1 1st set point Timer 3, 
DCT
Cells are grown as a batch culture 
at constant temperature and pH.
2 2nd set point Timer 3, 
27.30 min
End of DCT. Duration of sample taking 
and medium exchange.
2a
2a(i)
2a(ii)
2a(iii)
2a(iv)
1st set point Timer 2, 8 min 
4.35 min
1.30 min
1.30 min 
3 sec
Timer 2 is activated to take sample b.
P2 is activated to flash out the sample line. 
SV2 is activated to redirect sample flow.
P2 is activated again to take sample. 
Sample collector rotates to the next sample bottle.
2b 
2b(i) 
2b (ii)
4min
2nd set point Timer 2, 12.23 min 
6 min approx.1
6 min approx.2
Heating system is switched off. 
Duration of medium exchange only.
P I is activated to take harvest 
medium from reactor to kill tank.
SV1 is activated to redirect medium flow, and 
PI direction is altered and 
fresh medium is added to reactor.
2c
2a
2a(i)
2a(ii)
2a(iii)
2a(iv)
1
DCT plus 8 min 
8 min 
4.35 min
1.30 min
1.30 min 
5 sec 
DCT
End of Timer 2 set point and heating system is back on. 
Timer 2 first set point is activated again to  take sample a. 
P2 is activated to flash out the sample line.
SV2 is activated to redirect sample flow.
P2 is activated again to take sample.
Sample collector is activated to the next sample bottle. 
Timer 2 is deactivated and next batch starts.
Table 9.4: Experimental Summary of Repeated Batch Experiments
In itia l cell 
cone (ce lls /m l)
In itia l g lu cose  
conc. (g/1)
N o . o f  
cycles
Frequent sam plin g pH
con tro lledC ycles F requency
E X P 1 9.63E+05 1 23 22 hourly No
E X P 2 3.00E+05 N /A 11 6 hourly No
E X P 3 8.00E+05 22.08 20 4,10,20 30 min Yes
E X P 4 1.29E+06 24.78 14 8 30 min Yes
E X P 5 1.10E+06 21.53 39 10,14,35,38 30 min Yes
E X P 6 1.65E+06 23.93 20 13,18 30 min Yes
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Table 9.5: Cell and Glucose Concentration, EXP1 and 2
E X P * 0 A X  cycle  1 X p  cycle  5 A S m a x Y x /s
(ce ll/m l) (c e ll/m l) (ce ll/m l) (m g /m l) (ce ll/m g )
1 9.6xl07 ±11.8% 2.4xl06 ±9.0% 7.5xl07 ±4.2% 91.3% in cycle 2 3.8xl07 cells/mg ±50.6%
2 3.0xl05 ±11.8% 4.8x105 ±16.5% 4.8xl07 ±4.6%
Table 9.6: Summary of the HF Values, EXP1 and 2
EX P True HF H FX H FS
1 0.78 ±0.01% 0.52 ±2.0% 0.76 ±0.85%
2 0.78 ±0.01% 0.63 ±3.5%
Table 9.7: Summary of the Temperature and pH Values, EXP1 and 2
EX P Lowest Highest Initial Final
tem perature tem perature pH pH
1 19.7 in R9 42.5 in R12 5.47 3.45 in cycle 23
2 23.1 in R ll 33.3 in R5
Table 9.8: Summary of the Frequent Sampling Cell and Glucose Concentration, EXP1 
and 2
EXP Vo
(cell/m l)
A X f
(cell/m l)
ASf
(m g/m l)
1 9.7xl06 ±8.5% 2.0xl06 ±8.2% 81% ±2.9%
2 2.0xl07 ±11.8% 6.5xl06 ±1.4%
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Table 9.9: Cell and Glucose Concentration, EXP3 and 6
E X P X 0
(ce ll/m l)
So
(m g /m l)
X F cyc le  5 
(c e ll/m l)
X F
(m g /m l)
A Sc  
(%)
Y x / s
(ce ll/m g )
3 8.5x10s ±7.2% 22.1 ±0.5% 1.2xl08 ±4.8% 1.1x10s ±1.7% 98.3 ±0.2% 5.3xl06 ±1.1%
6 1.7xl06 ±1.2% 23.9 ±0.5% 9.8xl07 ±1.3% 1.2x10s ±0.6% 98.5 ±0.3% 5.6x10s ±0.8%
Table 9.10: Summary of the HF Values, EXP3 and 6
EX P6, Cycle True HF H Fx H F s
3 0.79 ±0.02% 0.72 ±0.69% 0.77 ±0.18%
6 0.79 ±0.24% 0.70 ±0.37%
Table 9.11: Summary of the Temperature and pH Values, EXP3 and 6
EX P Lowest Highest Initial Final
tem perature (°C) tem perature (°C) pH pH
3 20.1 in R18 32.0 in R6 5.65 3.96 in cycle 20
6 22.5 in R10 31.2 in R14 5.76
Table 9.12: Summary of the Frequent Sampling Cell and Glucose concentration, EXP3
EX P3, Cycle X0 So A X F ASC
(cell/m l) (m g/m l) (cell/m l) (%)
4 1.3xl07 ±12.0% 8.5xl07 ±2.2%
10 2.9xl07 ±5.5% 17.0 ±0.5% 9.2xl07 ±2.2% 63.7 ±1.0%
20 2.9xl07 ±10.7% 17.4 ±0.5% 8.9xl07 ±4.1% 98.9 ±0.7%
169
Table 9.13: Summary of the Frequent Sampling Cell and Glucose Concentration, EXP6
EX P6, Cycle Xo . So A X F A SC
(cell/m l) (m g/m l) (cell/m l) (%)
13 2.5xl07 ±7.7% 14.6 ±0.2% 3.8xl07 ±6.3% 53.5 ±1.0%
18 2.5xl07 ±3.6% 18.8 ±0.4% 6.3xl07 ±1.6% 49.2 ±0.2%
Table 9.14: Cell and Glucose Concentration,' EXP4 and 5
E X P X 0
(c e ll/m l)
So
(m g /m l)
X F cycle  5 
(c e ll/m l)
X F
(m g /m l)
A  Sc  
(%)
Y x / s
(c e ll/m g )
4 1.3xl06 ±1.0% 24.8 ±1.8% 6.7xl07 ±1.6% 7.0xl07 ±0.7% 84.0±1.8% 3.9xl06 ±2.7%
5 l.lx lO 6 ±4.9% 21.5 ±1.5% 1.1x10s ±6.1% 1.1x10s ±0.4% 99.1 ±0.4% 5.0xl06 ±0.7%
Table 9.15: Summary of the HF values, EXP4 and 5
EX P6, Cycle HFx H FS
4 0.73 ±0.66% 0.76 ±0.02%
5 0.58 ±2.20% 0.76 ±0.03%
Table 9.16: Summary of the Temperature and pH Values, EXP4 and 5
EXP Lowest 
tem perature (°C)
Highest 
tem perature (°C)
Initial
pH
4 22.3 in R9 35.4 in R2 5.59
5 22.1 in R ll 31.0 in R16 5.69
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Table 9.17: Summary of the Frequent Sampling Cell and Glucose Concentration, 
EXP4* and 5
C ycle X 0
(c e ll/m l)
So
(m g /m l)
a x f
(c e ll/m l)
A S c  
(%)
8* 1.3xl07 ±12.0% 8.5xl07 ±2.2%
10 2.4xl07 ±4.6% 15.0 ±0.2% 5.2xl07 ±6.1% 71.8 ±0.2%
14 2.6xl07 ±2.8% 12.7 ±0.2% 3.1xl07 ±5.7% 60.7 ±0.2%
35 2.4xl07 ±0.6% 15.38 ±0.03% 5.0xl07 ±2.2% 89.71 ±0.03%
38 2.2xl07 ±1.9% 3.1xl07 ±4.0%
Table 9.18: Overall Yield of Cells from Glucose
EXP Y  x / s AU AU a Y  x / s
(cell/g ) (cell/g ) % (cell/g) (%)
1 3.8xl07 1.2xl06 3.2 2.6xl07 69.6
3 5.3xl06 5.9xl04 1.1 l.OxlO6 19.2
4 3.9xl06 l.lxlO 5 2.7 1.4xl06 55-9
5 5.0xl06 3.6xl04 0.7 9.7xl05 19.2
6 5.6xl06 4.7xl04 0.8 6.5xl05 11.6
Table 9.19: Overall Variability of the Final Cell Concentration
EXP
(cell/m l)
AU
(cells/m l)
ABS
(%)
<T
(cell/m l)
a / X F
(%)
1 5.8xl07 7.1xl05 1.2 1.7xl07 30.2
2 3.0xl07 8.8xl05 2.9 1.5xl07 51.5
3 1.1x10s 8.5xl05 0.7 8.5xl06 7.4
4 7.0xl07 4.6xl05 0.7 2.6xl07 37.5
5 1.1x10s 4.6xl05 0.4 1.2xl07 11.2
6 1.2xl08 6.6xl05 0.6 4.3xl06 3.7
Table 9.20: Linear Regression for Frequent Sampling Data
Experiment Batch No. li (hr"1) R 2 Hour t c  (hr)
EXP1 23 0.24 0.90 2 to 12 2.86
EX P2 6 0.22 0.94 2 to 12 3.22
EX P3
4 0.34 0.98 1 to 8 2.04
10 0.23 0.99 1.5 to 6.5 3.01
20 0.30 0.99 2 to 8.5 2.31
EX P4 8 0.33 0.98 1.5 to 6 2.1
EX P5
10 0.32 0.95 1.5 to 7 2.16
14 0.29 0.99 1 to 6.5 2.39
35 0.37 0.98 1.5 to 5.5 1.87
38 0.29 0.92 1.5 to 6 2.39
EX P6
13 0.41 0.99 1.5 to 5.5 1.70
18 0.39 0.99 1 to 5.5 1.78
A ppendix A
Preparation of EMM3m
A . l  For Shake Flask Cultivation
Mix 1 was prepared according to the volumes in indicated in Table 9.2. 900 ml was 
equally divided into ten 250 ml Erlenmeyer flasks (Fisher brand Co), plugged with foam 
stoppers and covered with aluminium foil. 100 ml of glucose solution was divided into 
ten 20 ml glass bottles. Mix 1 and glucose containers were autoclaved at 121 °C for 15 
minutes. After autoclaving, glucose was added aseptically into each Erlenmeyer flask.
A .2 For Reactor Cultivation
1.8 dm3 of Mix 1 was prepared in a 2 dm3 Duran bottle according to the volumes in 
Table 9.2. 0.2 dm3 of glucose solution was prepared separately. Mix 1 and glucose 
solution were autoclaved separately at 121 °C for 15 minutes. The reactor, solenoid 
valves, tubing and air filters were also autoclaved for 15 minutes.
The two containers were connected by a tube to transfer the glucose solution into Mix 
1 bottle asceptically. In addition, a 0.2 /im bacterial PTFE air filter was fitted to admit 
sterile air and to avoid a vacuum developing when pumping the medium to the reactor. 
The Duran bottle containing the complete medium was connected to the reactor and 
the medium was pumped by a Watson Marlow peristaltic pump (model 501U) into the 
reactor. After the medium was transferred to the reactor, the top lid was replaced and 
with all its connections made the cultivation was ready to start.
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A ppendix B
Sample Analysis
B . 1 H aem ocy tom eter
A Neubauer Haemocytometer for counting cells manually was used. This haemocy- 
tometer has a pair of grids engraved on it with a depth of 0.1 mm. A cover slip was 
put over the grid obtaining a volume that could be calculated. Each grid contained 9 
squares and each square was divided into 16 squares. From the central square, which is 
1 mm long, the entire number of cells contained in the five smaller squares were counted 
(A, B, C, D and E from Figure 7.9). Each of the five squares has an area of mm2 
and a depth of 0.1 mm3. Then to calculate the number of cells per ml contained in the 
five squares:
(C ells\ — ) = Cells counted x 50 x 103 (B.l)
Once the cell number for both grids was obtained, the mean value was recorded as 
the number for that particular sample. When a dilution of a sample was necessary, 
Equation B .l was multiplied by the dilution factor to obtain the cell number. For 
example, if 60 cells were counted in grid 1 and 54 cells in grid 2, and further more, the 
sample was diluted by a factor of 11, the total cell number is calculated as:
(C e lls \  /60  +  54\ m(-s-M-H* 50x10x11 (B-2>
and 31.3xl06 cells/ml is the result
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A ppendix C
Glucose Assay
The principle of the UV-method for the determination of glucose lies in the phospho­
rylation of D-glucose to D-glucose-6-phosphate (G-6-P)in the presence of the enzyme 
hexokinase (HK) and adenosine-5’-triphosphate (ATP) with the simultaneous forma­
tion of adenosine-5’-diphosphate (ADP).
D -g lu co se  + A T P ^ G - 6 - P  + AD P  (C.l)
In the presence of enzyme glucose-6-phosphate dehydrogenase (G6P-DH), G-6-P is 
oxidised by nicotinamide-adenine dinucleotide phosphate (NADP) to d-gluconate-6- 
phosphate with the formation of reduced nicotinamide-adenine dinucleotide phosphate 
(NADPH).
G — 6 — P  +  N AD P ~  =>- D  — gluconate — 6 — phosphate +  N A D P H  +  H + (C.2)
The amount of NADPH formed in this reaction is stoichiometric to the amount of 
D-glucose and the increase of NADPH is measured by means of its absorbance at 365 
nm.
All samples collected from the bioreactor were analysed for glucose concentration and 
each sample followed the same process which consisted on three stages that will be 
explained as follows:
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Sam ple Preparation: F irst S tage
1. 10 ml of sample (or dilutions for the calibration) was added to a flask and placed 
in a water bath at 80 °C for 15 min to stop enzymatic reactions.
2. The sample was then centrifuged for 10 min at 2000 RPM.
3. 1 ml of the supernatant was added to a 15 ml graduated flask to which 9 ml of 
deionised water was added to the flask.
4. 0.5 ml of Carrez solution 1 (3.6 g of potassium hexacyanoferrate (II) diluted in 
100 ml of water) and 0.5 ml of Carrez solution 2 (7.2 g of zinc sulphate diluted in 
100 ml of water) are added to the Erlenmeyer flask. The Carrez solutions were 
necessary to deproteinise the sample.
5. The pH is adjusted to between 7.5-8.5 with NaOH 0.5N (about 2 ml)
6. The final volume in the flask adjusted to 15 ml. This final volume was equal to 
a dilution factor of 16.56.
7. The solution was filter with a x diameter filter paper 
Sam ple Preparation: Second S tage
Once the sample passed the first stage of preparation, the reaction for determination 
of glucose could be initiated. The cuvette used for the sample 1 cm light path and 4 
ml volume. The volumes of buffer solution (Solution 1) and water shown in Table C .l 
were used for sample and blank preparation. Each cuvette contained:
Solution Blank Sample
Solution 1 1 ml 1 ml
Sample solution - 0.1 ml
Distilled water 2 ml 1.9 ml
Table C.l: Sample preparation volumes for UV glucose assay
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After three minutes, 10/d of the enzyme was added (Solution 2) and 15 min were 
necessary for the reaction to occur. Meanwhile the computer was turn on as well 
as the spectrophotometer which was allowed to warm up for about 10 minutes. The 
calibration curve was stored in the computer software as a method that could be recalled 
whenever necessary. The absorbance of these dilutions was read against air and at 365 
nm. The calibration curve obtained for the analysis of all the samples can be observed 
in Figure C .l. When the reactor samples were ready to be analysed the calibration 
method was recalled and the user was prompted to place a blank of distilled water to 
zero the apparatus. The software then asked for the next sample and its duplicate. The 
absorbance was read and the glucose concentration was calculated immediately by the 
software, taking into account the dilution factor of Stage one in the sample preparation.
C .l Calibration Curve
A calibration curve was obtained by preparing a series of dilutions from 0.15 g/1 to 
1 g/1 of glucose in water and following the same procedure as the samples from the 
bioreactor. A linear regression was obtained and the results are presented in Table C.2 
and the calibration curve in Figure C.l. Medium without glucose was also analysed 
obtaining zero absorbance. The linear regression obtained is presented in equation C.3 
with the intercept at the origen and R2 =  0.99:
Abs = S  * 0.5963 (C.3)
where Abs is the absorbance given by the spectrophotometer and S is the glucose 
concentration (mg/ml).
S (g/1) Abs <rs ( g /0 SE (g/1) Abs
1 0.58 0.60 1.41xl0~4 1.00x10-4 0.59
0.5 0.32 0.32 1.41~4 i
ooT—
1 0.32
0.25 0.14 0.14 0 0 0.14
0.125 0.07 0.07 7.07~5 5.00"5 0.08
Table C.2: Calibration curve values for glucose concentration
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These data were ploted to obtain the calibration curve:
0.7
0.6
0.5
8 0.3
0.2
0.1
02  0.3 0.4 0.5 0.6 0.7 08  0.9
Glucose concentration (mg/ml)
Figure C .l: Calibration Curve Values for Glucose Concentration
In order to test the calibration equation obtained, a series of dilutions of EMM3 medium 
with concentrations of glucose from 20 g/1 to 0 g/1 were analysed as described previously 
in this section and the results are presented in Table C.3. The absorbance, and hence 
the concentration, of the sample was obtained in duplicate. The average of the two 
samples is presented as Abs and S  respectively. The T rue S represents the value given 
by the spectrophotometer times the dilution factor, and the error represents the error 
between the estimated value and the value of the dilutions prepared.
s
(g /1 )
Abs S
(g /1 )
T rueS
(g /1 )
Error
(%)
20 0.8 1.3 21.4 7.0
10 0.4 0.6 9.8 2.0
5 0.2 0.3 5.5 10.0
2.5 0.1 0.2 2.6 4.0
0 -2.2xl0-3 -3.7xl0-3 -6.2xl0-2 6.2
Table C.3: Glucose concentration measurement of cultivation medium
A ppendix D
Bioreactor Components
A LH glass bioreactor was used to cultivate S. pombe in repeated batch mode. The 
reactor had a volume of 2.7 dm3 and 2 dm3 working volume. Before beginning the 
experiments, the vessel volume was calibrated by adding 100 ml of water each time (up 
to 2 dm3) with a volumetric flask and adjusting the weir to the water surface. The 
following items were fitted:
1. pH probe: combination pH electrode supplied by Thermo Russell.
2. Temperature probe: thermocouple type x, supplied by RS Electronics
3. Hollow pipe air sparger tube and cold finger: supplied with the reactor.
4. All the tubing material for inlets and outlets of fluids (NaOH for control of pH, 
harvested and fresh medium, sample stream, exhausted gas exit) was silicon rub­
ber of 6 mm diameter for all lines except the sample line with 4 mm diameter.
5. Four 0.2 pm  Midisart 2000 bacterial PTFE filters to avoid cross contamination 
between the external air and exhausted gas exit (Sartorius AG).
6. Lower and higher liquid level sensors: these two sensors (supplied by RS Electron­
ics) were connected to a controller that relied on the conductivity of the liquid 
culture to be activated. The sensors were responsible for controlling the HF and 
consisted of two glands through the top lid of the bioreactor where by the sensors
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are introduced- The position of the sensors was set by calibrating the reactor 
vessel volume, adding water with a volumetric flask and marking in the reactor 
the volume corresponding to the desired harvest fraction which could be obtained 
by adjusting the height of the electrodes. These sensors did not respond to foam.
7. A heating pad (supplier unknown) was connected to a temperature controller at 
a set point of 30 °C.
8. A port for frequent sampling and inoculation of reactor was fitted.
The reactor vessel and components dimensions are:
1. Internal diameter of reactor =  13 cm
2. External diameter of reactor =  24 cm
3. Length of reactor =  24 cm
4. Length of shaft =  21.5 cm
5. Diameter of impellers —
6. Blade number of impellers =  6
7. Length and width of blades =  1 cm
8. Length between the two impellers =  9 cm
9. Space bewteen bottom impeller and bottom of reactor =  2.5 cm
A ppendix E
Statistical Calculations
S tan d a rd  E rro r, SE^? an d  Percen tage , %SEx
The standard deviation, standard error and the percentage of the standard error have 
been calculated for the cell and glucose concentration.
8E P = ^  (E.l)
And the percentage of SE p  is calculated as:
S E P{%) = ?£■ (E.2)
where P  is the mean of parameter P.
A bsolu te U n certa in ty  o f an  A ddition , A U p, an d  P ercen tage , %AUp
This parameter was calculated for the harvest fraction and mean concentration (cell 
and glucose), mean temperature and pH, number of cells produced (AX) and glucose 
consumed. If the addition of the parameter P is; P =  P i +  P 2 —+  P jv5 and P i5 P 2 —PJV 
have an error associated, SE, the absolute uncertainty of P is calculated as:
AUp =  \ jS E 2pl + S E 2P2 +  S E 2p n  (E.3)
And the percentage of AU is calculated as:
AUP{%) =  (E.4)
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Absolute Uncertainty of a Division, AUp, and its Percentage, %AUp
If the division of the parameter P is; P — P i /  P 2 , and P i and P 2 have an error 
associated, SE, the absolute uncertainty of P is calculated as:
I s E 2 SE lo  n
A U p = V“p f +_p ? xP (R 5)
A ppendix F
Main Cultivation Parameters in 
Experiments by Fotuhi (2002)
Run26 Run27
No. Resuspensions 22 18
X o  cells/m l 20xl06 20x10®
So g/1 17.4 16.8
Xf  cells/m l 136x10® 128x10®
S consu m ed  g/1 86% 74%
X at the end of first cycle 142x10® 80x10®
Table F .l: Parameters for Schizosacharomyces pombe repeated batch cultivation at 
80% and 12hrs, Run26 and Run 27. (Fotuhi, 2002)
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